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After Planck: strong bounds on total neutrino mass, about to rule out Inverted Hierarchy                                                                                                                                   

 For 7-param  , 95%CL:  

                                        2006 (post-WMAP)                                            2019 (post-Planck)
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We are excluding ~100 meV at 2 sigma… 

… but detecting 60 meV at several sigmas will be very difficult! 

Enemy: not non-linear effects (non-linear growth, baryonic feedback, …) ,  

but parameter degeneracies.

3

Future bounds
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            Neutrino mass effects on lensed  with fixed  

                            Large mass                                                                     Small mass                          
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l { ωb , ωc , θs , τreio , As , ns } ( ⇒ zeq )

4

 effects on CMBMν

6 1. Neutrinos in Cosmology

Figure 1.2: Ratio of the CMB CTT
ℓ and matter power spectrum P (k) (computed

for each model in units of (h−1Mpc)3) for different values of
∑

mν over those
of a reference model with massless neutrinos. In order to minimize and better
characterise the effect of

∑

mν on the CMB, the parameters that are kept fixed are
ωb, ωc, τ , the angular scale of the sound horizon θs and the primordial spectrum
parameters (solid lines). This implies that we are increasing the Hubble parameter
h as a function of

∑

mν . For the matter power spectrum, in order to single out
the effect of neutrino free-streaming on P (k), the dashed lines show the spectrum
ratio when {ωm,ωb,ΩΛ} are kept fixed. For comparison, the error on P (k) is of the
order of 5% with current observations, and the fractional Cℓ errors are of the order
of 1/

√
ℓ at low ℓ.

late ISW effect due to cosmic variance, we choose in Fig. 1.2 to play with the Hubble
parameter in order to maintain a fixed scale dA(zrec). With such a choice, an increase
in neutrino mass comes together with a decrease in the late ISW effect explaining the
depletion of the CMB spectrum for l ≤ 20. The fact that both

∑

mν and h enter the
expression of dA(zrec) implies that measurements of the neutrino mass from CMB data
are strongly correlated with h. Second, the non-relativistic transition of neutrinos affects
the total pressure-to-density ratio of the universe, and causes a small variation of the
metric fluctuations. If this transition takes place not too long after photon decoupling,
this variation is observable through the early ISW effect [4,13,14]. It is responsible
for the dip seen in Fig. 1.2 for 20 ≤ ℓ ≤ 200. Third, when the neutrino mass is higher,
the CMB spectrum is less affected by the weak lensing effect induced by the large-scale
structure at small redshift. This is due to a decrease in the matter power spectrum
described in the next paragraphs. This reduced lensing effect is responsible for most of
the oscillatory patterns visible in Fig. 1.2 (left plot) for ℓ ≥ 200. Fourth, the neutrinos
with the smallest momenta start to be non-relativistic earlier than the average ones. The
photon perturbations feel this through their gravitational coupling with neutrinos. This
leads to a small enhancement of CTT

l for ℓ ≥ 500, hardly visible on Fig. 1.2 because it is
balanced by the lensing effect.

October 16, 2017 18:17
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Tiny effects: ~0.1%

Is this below noise / cosmic variance?
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            Neutrino mass effects on lensed  with fixed  

                                                                Small mass                          

CEE
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 effects on CMBMν

Late background effect: 
different relation 

τreio ↔ zreio

CMB lensing 
connected to 

P(k,z)

Tiny effects: ~0.1%

Is this below noise / cosmic variance?
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    Neutrino mass effects on lensed  with fixed  

                                                          Small mass                          

P(k, z = 0) { ωb , ωc , θs , τreio , As , ns } ( ⇒ zeq )

7

 effects on LSSMν

Neutrino free-streaming 
slowing down growth of δcb

min 4% in  (3% in  )Pm(k, z = 0) Pcb
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    Neutrino mass effects on lensed  with fixed  

                                                          Small mass                          

P(k, z = 0) { ωb , ωc , θs , τreio , As , ns } ( ⇒ zeq )
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 effects on LSSMν

Additional Background effect 
(change in  , BAO scale)H0

Neutrino free-streaming 
slowing down growth of δcb

min 4% in  (3% in  )Pm(k, z = 0) Pcb

min 3% in  (2% in  )Pm(k, z = 0) Pcb
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Trying to differentiate 50 meV from 150 meV with fixed  
Pink = cosmic variance  
Green = CORE 

TT: below cosmic variance

{ ωb , ωc , θs , τreio , As , ns } ( ⇒ zeq )

10

Detectability and degeneracies with CMB alone

Archidiacono et al. 1610.09852 
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Trying to differentiate 50 meV from 150 meV with fixed  
Pink = cosmic variance  
Green = CORE 

EE: below cosmic variance

{ ωb , ωc , θs , τreio , As , ns } ( ⇒ zeq )

11

Detectability and degeneracies with CMB alone

Archidiacono et al. 1610.09852 
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Trying to differentiate 50 meV from 150 meV with fixed  
Pink = cosmic variance  
Green = CORE 

: above cosmic variance over a wide range of multipoles 
Could be detectable if not degenerate with other parameters…

{ ωb , ωc , θs , τreio , As , ns } ( ⇒ zeq )

ϕϕ

12

Detectability and degeneracies with CMB alone

Archidiacono et al. 1610.09852 
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Is it possible to increase the overall amplitude of  by ~3% without spoiling the good fit to 

 ?  

1. Increase  by 3% and decrease  by   to keep   constant ?         

NO:  (Planck) or  (LiteBird/CORE).                                                              
So CMB alone can probe  , but accuracy potentially limited by correlation  . 

2. Decrease  and compensate small changes in  with other parameters like  ?               

Works better: correlation  much stronger than  with CMB alone. 

Conclusions:   CMB alone can detect small masses, but sensitivity limited by partial degeneracies: 
first  , second by 

Cϕϕ
l

CTT,TE,EE
l

As τreio
1
2

ln 1.03 = 0.015 Ase−2τreio

σ(τreio) = 0.008 0.002
Mν Mν ↔ τreio

ωc CTT,TE,EE
l ns

Mν ↔ ωc Mν ↔ τreio

Mν ↔ ωc Mν ↔ τreio
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Detectability and degeneracies with CMB alone

Figure 2. 68% and 95% CL posterior probability contour levels for di↵erent pairs of parameters, for
an MCMC forecast of the sensitivity of a CORE-like experiment to the parameters of a 7-parameter
model (⇤CDM plus total neutrino mass M⌫). The CMB data is assumed to consist of measurements
of the TT, EE, TE and lensing potential spectra.
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with ↵ > 0. This qualitative result shows that in order to compensate an increase of
M⌫ , we have a priori two possibilities: increasing As, or increasing !m. We will explore
them one after each other in the next points, and arrive at interesting conclusions.
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Detectability and degeneracies with CMB + BAO

BAO probe different direction in space : much better  determination  

Sensitivity to  still limited by small correlations: 
 

{ Mν , H0 } Mν

Mν

Mν ↔ H0, Mν ↔ ωc and ns, Mν ↔ τreio and As

Figure 4. Marginalized one- and two- � contours in the plane (!cdm,M⌫) (left panel) and (H0,M⌫)
(right panel), for CMB-CORE or BAO-DESI mock data. The black dashed lines show the directions
of degeneracy given in equations (3.3), and the blue ones in equations (3.2).

Figure 5. Marginalized one- and two- � contours in the plane (✓s(zdec),M⌫) (left) and
(r(zdrag)/DV (z = 1),M⌫) (right), for CMB-CORE or BAO-DESI mock data. In the CORE contours,
samples are coloured according to the value of H0.

latter option is more relevant when the data are combined with each other. Indeed, we will
see a small correlation between (M⌫ , ⌧reio) in the combined results presented in section 5, one
that was hardly noticeable with CMB alone. Of course, this degeneracy is not perfect, and
extends only up to the point at which ⌧reio becomes too large to be compatible with CMB
polarisation data.

4 E↵ect of neutrino mass on Large Scale Structure observables

4.1 Cosmic shear and galaxy clustering spectrum

The Euclid satellite, whose launch is scheduled for 2020, will provide the most accurate ever
galaxy redshift survey, measuring cosmological observables, such as cosmic shear and galaxy
clustering, with 1% accuracy. Euclid data will certainly lead to a major breakthrough in
precision cosmology thanks to very precise low redshift measurement which will break the
CMB degeneracies among cosmological parameters (see references [7, 10, 13, 14, 23, 29, 30, 38,
54]). Here we use the information extracted from the cosmic shear power spectrum projected

– 14 –
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Detectability and degeneracies with CMB + BAO + cosmic shear surveys

Cosmic shear surveys add sensitivity to  at different  that reduces  

Comparison of 60 meV to 150 meV 
(dashed red line) 
Pink = Euclid CS uncertainty 
Green = additional theoretical error 

Mν z Mν ↔ H0, Mν ↔ ωc and ns

correlation data, is related to the window function. Indeed, since the window function
(equation 4.2) for each redshift bin is given by the integral over the line of sight, the
C

ij
` ’s of equation 4.1 receive contributions from a larger range of scales. Therefore, being

sensitive to a wider lever arm in k space, cosmic shear will be particularly sensitive to
scale dependent variations of the power spectrum.

Notice that here the tweaking of As is larger than the one we performed at point 3 of
section 2.3. Thus, the corresponding �⌧reio ⇠ 0.5 ln(1.05) ⇠ 0.027 would lead to an
enhancement of the reionization bump even bigger than the one we observed in the blue
dotted line of the CEE

` plot (figure 1, second row, right panel). This already shows that
the degeneracy discussed here can be lifted by combining LSS data with CMB data.
Nevertheless this discussion was important to understand the pulls in parameter space
appearing when all data sets are combined with each other.

Figure 9. Marginalized one- and two- � contours in the plane (!cdm,M⌫) (upper left panel),
(H0,M⌫) (upper right panel), (ns,M⌫) (bottom left panel), (As,M⌫) (bottom right panel). The
black dashed lines show the degeneracies encoded in CMB data, the red and green dashed lines
account for some of the most prominent correlations arising from cosmic shear and galaxy clustering,
respectively.

Figure 9 confirms the points discussed previously, and provides a comprehensive graph-
ical summary of the complementarity between future CMB and LSS data in the context of
neutrino mass measurement.

– 21 –

the same as in figure 4. The Euclid related contours have been obtained through an MCMC
forecast including either galaxy clustering (in green) or cosmic shear (in red), following the
specifications listed in section 4.1. Fitting Euclid mock data alone would return wide contours
in parameter space. Given that the two quantities best measured by CMB experiments are
the angular scale of the acoustic horizon and the baryon density, the question in which we are
most interested is: assuming that information on !b and ✓s is provided by a CORE-like CMB
experiment, what is the pull on other parameters coming from Euclid alone? To address this,
when fitting Euclid data, we impose two uncorrelated gaussian priors on respectively !b and
✓s, with standard deviations taken from our previous CORE-CMB forecast, while keeping
⌧reio fixed, since the latter does not a↵ect galaxy clustering and shear observables in any way.

Figure 6. Relative error on the galaxy lensing C
ll
` in the first redshift bin (0 < z < 0.42, left panel)

and in the tenth redshift bin (1.7 < z < 2.5, right panel). Here the redshift range is 0 < z < 2.5 and
is divided in ten equi-populated redshift bins. The light pink rectangles refers to the observational
error. The light green shaded area shows the relative error associated to our model for the theoretical
uncertainty on Pm(k, z). Green solid and red dashed lines are the same as in figure 1, i.e. higher M⌫

with fixed h (green solid line) and higher M⌫ with fixed ✓s and varying h (red dashed line). The blue
dotted line, besides the higher M⌫ , implies a smaller value of h (�h ⇠ �3�!⌫), an increase of ns by
0.4% and of As by 2%.

1. Neutrino mass e↵ects with all standard cosmological parameters fixed: the usual neutrino–
induced step–like suppression.

Like in the previous sections, we start by increasing the summed neutrino mass from
M⌫ = 0.06 eV to M⌫ = 0.15 eV, keeping all the other cosmological parameters
{!b,!cdm, h, ns, As, } fixed (green solid line). Note that in most of the literature, the
e↵ect of neutrino masses on the matter power spectrum is discussed precisely in that
way. One reason is that fixing {!b,!cdm, ns, As, } amounts in keeping the same “early
cosmological evolution” until the time of the neutrino non-relativistic transition. The
choice to fix also h is mainly a matter of simplicity.

As expected, the larger M⌫ induces a relative suppression of power on small scales
compared to large scales, visible both in the shear and in the galaxy power spectrum.
To be precise, in the redshift range surveyed by Euclid, 0 < z < 2.5, neutrinos with
a mass M⌫ > 0.05 eV are already well inside the non-relativistic regime, thus, the
spectrum is suppressed on scales smaller than the free-streaming scale k > kfs(z). In

– 17 –

Archidiacono et al. 1610.09852 
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Detectability and degeneracies with CMB + BAO + cosmic shear/galaxy surveys

Galaxy surveys adds a lot of sensitivity to   at different  and reduces   

Comparison of 60 meV to 150 meV 
(dashed red line) 
Pink = Euclid CS uncertainty 
Green = additional theoretical error 

As, Mν z Mν ↔ τreio and As

correlation data, is related to the window function. Indeed, since the window function
(equation 4.2) for each redshift bin is given by the integral over the line of sight, the
C

ij
` ’s of equation 4.1 receive contributions from a larger range of scales. Therefore, being

sensitive to a wider lever arm in k space, cosmic shear will be particularly sensitive to
scale dependent variations of the power spectrum.

Notice that here the tweaking of As is larger than the one we performed at point 3 of
section 2.3. Thus, the corresponding �⌧reio ⇠ 0.5 ln(1.05) ⇠ 0.027 would lead to an
enhancement of the reionization bump even bigger than the one we observed in the blue
dotted line of the CEE

` plot (figure 1, second row, right panel). This already shows that
the degeneracy discussed here can be lifted by combining LSS data with CMB data.
Nevertheless this discussion was important to understand the pulls in parameter space
appearing when all data sets are combined with each other.

Figure 9. Marginalized one- and two- � contours in the plane (!cdm,M⌫) (upper left panel),
(H0,M⌫) (upper right panel), (ns,M⌫) (bottom left panel), (As,M⌫) (bottom right panel). The
black dashed lines show the degeneracies encoded in CMB data, the red and green dashed lines
account for some of the most prominent correlations arising from cosmic shear and galaxy clustering,
respectively.

Figure 9 confirms the points discussed previously, and provides a comprehensive graph-
ical summary of the complementarity between future CMB and LSS data in the context of
neutrino mass measurement.

– 21 –

Figure 7. Relative error on the non linear matter power spectrum Pm(kref , z) perpendicular to the
line of sight (µ = 0) at redshift z = 0.5 (left panel) and z = 2 (right panel). The light pink shaded
area refers to the observational error, including cosmic variance. The light green shaded area shows
our model for the theoretical uncertainty. Here the redshift range is 0.5 < z < 2 and is divided in 16
redshift bins. Green solid and red dashed lines are the same as in figure 1, i.e. higher M⌫ with fixed h

(green solid line) and higher M⌫ with fixed ✓s and varying h (red dashed line). The blue dotted line,
besides the higher M⌫ , implies a smaller value of h (�h ⇠ �4�!⌫) and an increase of As by 5%.

the redshift range of interest, 0 < z < 2.5, the free streaming wavenumber spans the
range [0.0077�0.0041]hMpc�1 (respectively, [0.0192�0.0103]hMpc�1) forM⌫ = 0.06 eV
(respectively, M⌫ = 0.15 eV)10. The suppression in power makes both the C

ij
` and the

P (k) directly sensitive to the neutrino mass sum, while this was not the case for the
purely geometrical information encoded in BAO measurements.

This sensitivity is reinforced by non-linear e↵ects which are well visible on figures 6
and 7. In the shear spectrum of figure 6, in absence of non-linear corrections, the
green curve would be almost constant for ` > 100. Non-linear gravitational clustering
produces a characteristic “spoon shape” or dip [17]. The minimum of the dip is seen
at ` ⇠ 40 in the first redshift bin and ` ⇠ 1000 in the last one. In figure 7, non-linear
e↵ects are responsible for the further decrease of the green curve for k � 0.1h/Mpc.

2. Neutrino mass e↵ects with h varied to keep the CMB angular scales fixed: why does
LSS data lifts the (M⌫ , h) degeneracy?

The second part of the discussion consists in increasing M⌫ by the same amount, while
varying h like in section 2.3, in such way as to keep a constant angular diameter distance
to recombination, constant sound horizon angular scale, and constant damping angular
scale (red dashed line). As we have seen in Section 2.3 this procedure leads to the well
known (M⌫ , h) CMB degeneracy.

We showed that this degeneracy is broken by BAO data, because the lower value of h
increases the angular diameter distance at low redshift (see Section 3). This conclusion
is valid also for galaxy P (k) and shear Cij

` , since the red dashed residuals in figures 6,
7 are well outside the observational and theoretical error bars. For clarity, we should
explain the shape of these red dashed lines, which is slightly counter-intuitive.

10The free streaming length depends on the mass of each neutrino rather than on the sum. Here we have
assumed three massive degenerate neutrinos.

– 18 –
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First conclusions

First conclusions: we need to combine CMB, BAO, and shear / galaxy / 21cm surveys! 
• CMB constrains several directions in  space and bounds   : 

large scales for  (LiteBird/CORE), small scales for lensing and  (Stage4/Sim.Obs.) 
• BAO removes  degeneracy 
• shear / galaxy / 21cm surveys measure overall  amplitude (on all scales: non-linear 

scales not so crucial) 

Then neutrino mass explains apparent mismatch between 
 amplitude:     and     amplitude:  

What could ruin this? 
• >  uncertainty on global amplitude of  (Euclid: 2.5% uncertainty on linear bias 

and its redshift dependence index, correlated across the bins) 
What could improve it? 
• Independent measurement of  or  

{ωb, ωc, θs, τreio, As, ns} {As, τreio}
τreio As

Mν ↔ H0

P(k, z)

CTT,TE,EE
l Ase−2τreio P(k, z) As(1 − α(z)Mν)

𝒪(1%) P(k, z)

H0 τreio
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large scales for  (LiteBird/CORE), small scales for lensing and  (Stage4/Sim.Obs.) 
• BAO removes  degeneracy 
• shear/galaxy/21cm surveys measure overall  amplitude (on all scales: non-linear scales 

not so crucial) 

Then neutrino mass explains apparent mismatch between 
 amplitude:     and     amplitude:  

What could ruin this? 
•  uncertainty on global amplitude of  

What could improve it? 
• Independent measurement of  or  

{ωb, ωc, θs, τreio, As, ns} {As, τreio}
τreio As

Mν ↔ H0

P(k, z)

CTT,TE,EE
l Ase−2τreio P(k, z) As(1 − α(z)Mν)

𝒪(1%) P(k, z)

H0 τreio
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First conclusions

Figure 10. Marginalized one� or two�� contours and one dimensional posteriors in the
(M⌫ ,!cdm, H0, As, ns, ⌧reio) parameter space, showing the expected sensitivity of various future ex-
periments: CORE only (gray contours), CORE+DESI (blue contours), CORE+Euclid (red contours)
and CORE+Euclid+21cm (green contours). The last independent parameter, !b, is always very well
constrained by CMB data alone.

CMB lensing is rather compensated by playing with parameters to which BAO data
are insensitive16, namely As and ⌧reio.

3. Adding Euclid (lensing + P (k)) data. Most of the discussion on the inclusion of DESI
data still applies here, since Euclid data contains information on the BAO scale at dif-
ferent redshift. However the matter / shear power spectra contain extra information on
cosmological perturbations, and lift or reinforce some parameter degeneracies, consis-
tently with our previous discussion in section 4.2, point 3. The (M⌫ , H0) degeneracies

16As side remarks, note that such compensation cannot be done by playing with ns: as a consequence, both
the (M⌫ , ns) degeneracy and the (As, ns) degeneracy are lifted when BAO data are added; finally, because of
the di↵erent neutrino mass compensation driven by the inclusion of BAO data, the correlations of !cdm and
H0 with respect to As, ns, ⌧reio are lifted, as well.

– 24 –

Figure 10. Marginalized one� or two�� contours and one dimensional posteriors in the
(M⌫ ,!cdm, H0, As, ns, ⌧reio) parameter space, showing the expected sensitivity of various future ex-
periments: CORE only (gray contours), CORE+DESI (blue contours), CORE+Euclid (red contours)
and CORE+Euclid+21cm (green contours). The last independent parameter, !b, is always very well
constrained by CMB data alone.

CMB lensing is rather compensated by playing with parameters to which BAO data
are insensitive16, namely As and ⌧reio.

3. Adding Euclid (lensing + P (k)) data. Most of the discussion on the inclusion of DESI
data still applies here, since Euclid data contains information on the BAO scale at dif-
ferent redshift. However the matter / shear power spectra contain extra information on
cosmological perturbations, and lift or reinforce some parameter degeneracies, consis-
tently with our previous discussion in section 4.2, point 3. The (M⌫ , H0) degeneracies

16As side remarks, note that such compensation cannot be done by playing with ns: as a consequence, both
the (M⌫ , ns) degeneracy and the (As, ns) degeneracy are lifted when BAO data are added; finally, because of
the di↵erent neutrino mass compensation driven by the inclusion of BAO data, the correlations of !cdm and
H0 with respect to As, ns, ⌧reio are lifted, as well.

– 24 –

Figure 10. Marginalized one� or two�� contours and one dimensional posteriors in the
(M⌫ ,!cdm, H0, As, ns, ⌧reio) parameter space, showing the expected sensitivity of various future ex-
periments: CORE only (gray contours), CORE+DESI (blue contours), CORE+Euclid (red contours)
and CORE+Euclid+21cm (green contours). The last independent parameter, !b, is always very well
constrained by CMB data alone.

CMB lensing is rather compensated by playing with parameters to which BAO data
are insensitive16, namely As and ⌧reio.

3. Adding Euclid (lensing + P (k)) data. Most of the discussion on the inclusion of DESI
data still applies here, since Euclid data contains information on the BAO scale at dif-
ferent redshift. However the matter / shear power spectra contain extra information on
cosmological perturbations, and lift or reinforce some parameter degeneracies, consis-
tently with our previous discussion in section 4.2, point 3. The (M⌫ , H0) degeneracies

16As side remarks, note that such compensation cannot be done by playing with ns: as a consequence, both
the (M⌫ , ns) degeneracy and the (As, ns) degeneracy are lifted when BAO data are added; finally, because of
the di↵erent neutrino mass compensation driven by the inclusion of BAO data, the correlations of !cdm and
H0 with respect to As, ns, ⌧reio are lifted, as well.

– 24 –

Figure 10. Marginalized one� or two�� contours and one dimensional posteriors in the
(M⌫ ,!cdm, H0, As, ns, ⌧reio) parameter space, showing the expected sensitivity of various future ex-
periments: CORE only (gray contours), CORE+DESI (blue contours), CORE+Euclid (red contours)
and CORE+Euclid+21cm (green contours). The last independent parameter, !b, is always very well
constrained by CMB data alone.

CMB lensing is rather compensated by playing with parameters to which BAO data
are insensitive16, namely As and ⌧reio.

3. Adding Euclid (lensing + P (k)) data. Most of the discussion on the inclusion of DESI
data still applies here, since Euclid data contains information on the BAO scale at dif-
ferent redshift. However the matter / shear power spectra contain extra information on
cosmological perturbations, and lift or reinforce some parameter degeneracies, consis-
tently with our previous discussion in section 4.2, point 3. The (M⌫ , H0) degeneracies

16As side remarks, note that such compensation cannot be done by playing with ns: as a consequence, both
the (M⌫ , ns) degeneracy and the (As, ns) degeneracy are lifted when BAO data are added; finally, because of
the di↵erent neutrino mass compensation driven by the inclusion of BAO data, the correlations of !cdm and
H0 with respect to As, ns, ⌧reio are lifted, as well.

– 24 –

 
(HERA, SKA)

σ(τreio) = 0.001

Archidiacono et al. 1610.09852 
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• Conservative MCMC forecasts with theoretical error bar (assuming Mν=0.06eV):  

Sprenger et al. 1804.07261, Brinckmann et al. 1808.05955 
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Conservative MCMC forecasts

Figure 2. Neutrino mass sensitivity for each CMB experiment, alone and in combination with DESI,
Euclid, Euclid + SKA1 IM, Euclid + SKA1 IM + ⌧reio prior. Each subplot corresponds to one CMB
setup (LiteBIRD, LiteBIRD + CMB-S4, CORE-M5, CORE-M5 + CMB-S4, Planck, or PICO from
top left to bottom right, where the desaturated symbols indicate the CMB-S4 sensitivity) and relevant
combinations with large-scale structure surveys (reported on the x-axis). For each combination the
sensitivity is depicted for four cosmological models: the minimal scenario ⇤CDM +M⌫ , and three
extensions +Ne↵ , +w0, and +w0 +wa. The horizontal dashed lines show the thresholds for a 1 to 5�
detection of M⌫ = 0.06 eV.

First let us consider the minimal cosmological scenario (⇤CDM + M⌫). Figures 2 and 3
show that, in this case, for a fiducial neutrino mass sum M⌫ = 0.06 eV:

– 9 –

>5σ detection is a safe bet with e.g. 
 LiteBird+CMB-S4+EUCLID 

or 
Planck+SKA+τprior

σ(τreio) ~ 0.001 from SKA/HERA 
to resolve Mν  - τreio degeneracy 

in CMB+BAO data 
Archidiacono et al. 1610.09852 

1σ to 5σ detection levels  
assuming fiducial Mν=0.06eV

1σ sensitivity 
 to Mν (eV)
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