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Sum of neutrino masses: oscillations
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4KATRIN Collaboration, Science 388 (2025) 6743, adq9592

∑ mKATRIN
ν < 1.35 eV

Sum of neutrino masses: KATRIN

(90% CL)
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Sum of neutrino masses: cosmology
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Sum of neutrino masses: cosmology
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Sum of neutrino masses: Tension!
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TENSION WITH OSCILLATIONS
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Cosmo bounds: where do they come from?

The cosmological bound on neutrino 
masses is an indirect measurement.



Cosmo bounds: where do they come from?
Cosmological observables are predictions of:

Gμν + Λgμν = 8πGTμν

E 
N 
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mν = 0 mν > 0

t1t2 t0 t1 t2
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Cosmo bounds: where do they come from?
Cosmological observables are predictions of:
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Breaking down the cosmological bound

Energy
radiation?

matter?

Kinematics
free-stream


scale?

In the neutrino case: 

what is cosmology measuring?
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Background evolution (energy)
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Background evolution

CMB
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Background evolution

CMB

∑ mKATRIN
ν = 1.35 eV

∑
m physν

=
0 eV

∑ mIO
ν = 0.1 eV

∑ mCMB
ν = 0.24 eV

∑ mNO
ν = 0.06 eV( a′￼

a )
2

=
8πG

3
a2(ργ + ρb + ρcdm + ρν + ρΛ)

MORE MASS, MORE ENERGY, FASTER EXPANSION



10

Background evolution Background effect

(CMB)

(KATRIN)

Recombination

(  oscillations)

( a′￼

a )
2

=
8πG

3
a2(ργ + ρb + ρcdm + ρν + ρΛ)

1
ρν

dρν

d ln a
= − 3[1 + wν(a)]

wν(a, mν) =
Pν

ρν

Friedmann equation:

Neutrino energy density evolution:

Equation of state controls energy dilution:

wν(a)



Perturbed Einstein equations

Neutrino sources

Sources evolution
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Perturbations evolution (kinematics)

δ′￼= − (1 + wν)θ + 3(1 + wν)ϕ′￼− 3
a′￼

a (c2
s − wν) δ

θ′￼= −
a′￼

a
(1 − 3c2

ad)θ +
c2

s

1 + wν
k2δ − k2σ + k2ψθ′￼= −

a′￼

a
(1 − 3c2

ad)θ +
c2

s

1 + wν
k2δ − k2σ + k2ψσ

wν wν wν

wν
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ad

c2
s

c2
s

δGμν = 8πG δTμν

δ ≡
δρ
ρ

θ ∼ ⃗∇ ⋅ ⃗v

c2
eff ≡

δP
δρ
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Perturbations evolution
Perturbations effects

(CMB) (KATRIN)(  oscillations)

Ra
di
at
io
n

Ra
di
at
io
n

Ra
di
at
io
n

k F
S(a
)<
k

k F
S(a
)>
k

k F
S(a
)<
k

k F
S(a
)>
k

k F
S(a
)<
k kFS kFS kFS

kFS(a) ≃ 0.776
a2H(a)

H0 ( mν

1 eV ) h Mpc−1



12

Perturbations evolution
Perturbations effects
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Our evolution!

∑ mBackg.
ν ∑ mPert.

ν

σ

c2
sw



Mass only in background

Mass only in perturbations

Mass both in background 
and perturbations

14

CMB effects

Fixing 100θs, ωb, ωcdm, As, ns, τreio



Mass only in background

Mass only in perturbations

Mass both in background 
and perturbations
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CMB effects
low ℓ

low ℓ

Tiny constraining power,

mostly background Mass only in background

Mass only in perturbations

Mass both in background 
and perturbations

Mass only in background

Mass both in background 
and perturbations

Mass only in background

Mass both in background 
and perturbations



Mass only in background

Mass only in perturbations

Mass both in background 
and perturbations
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CMB effects

intermediate ℓ

Tiny constraining power,

mostly backgroundlow ℓ

intermediate ℓ

Mass only in background

Mass only in perturbations

Mass both in background 
and perturbations

Mass only in background

Mass both in background 
and perturbations

Mass only in background

Mass both in background 
and perturbations

∑ mBackg.
ν → Higher expansion rate,


more decay of grav. pot.

∑ mPert.
ν → Higher clustering,


less decay of grav. pot.



Mass only in background

Mass only in perturbations

Mass both in background 
and perturbations
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CMB effects
low ℓ

high ℓ

high ℓ

intermediate ℓ

Mass only in background

Mass only in perturbations

Mass both in background 
and perturbations

Mass only in background

Mass both in background 
and perturbations

Mass only in background

Mass both in background 
and perturbations

Tiny constraining power,

mostly background

∑ mBackg.
ν → Higher expansion rate,


lower diffusion damping

∑ mBackg.
ν → Higher expansion rate,


more decay of grav. pot.

∑ mPert.
ν → Higher clustering,


less decay of grav. pot.
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CMB effects
low ℓ

high ℓ

intermediate ℓ

Tiny constraining power,

mostly background

high ℓ

Mass only in background

Mass only in perturbations

Mass both in background 
and perturbations

Mass only in background

Mass both in background 
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Mass only in background

Mass both in background 
and perturbations

∑ mBackg.
ν → Higher expansion rate,


lower diffusion damping

∑ mBackg.
ν → Higher expansion rate,


more decay of grav. pot.

∑ mPert.
ν → Higher clustering,


less decay of grav. pot.



Mass only in background

Mass only in perturbations

Mass both in background 
and perturbations
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CMB effects
low ℓ

high ℓ

high ℓ

intermediate ℓ

Mass only in background

Mass only in perturbations

Mass both in background 
and perturbations

Mass only in background

Mass both in background 
and perturbations

Mass only in background

Mass both in background 
and perturbations

+ same effects than intermediate  affecting 
lensing:

ℓ

Tiny constraining power,

mostly background

Backg: less lensing, boost anisotropies 
Pert: more lensing, erase anisotropies

∑ mBackg.
ν → Higher expansion rate,


lower diffusion damping

∑ mBackg.
ν → Higher expansion rate,


more decay of grav. pot.

∑ mPert.
ν → Higher clustering,


less decay of grav. pot.



Mass only in background

Mass only in perturbations

Mass both in background 
and perturbations
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CMB effects
low ℓ

high ℓ

high ℓ

intermediate ℓ

Mass only in background

Mass only in perturbations

Mass both in background 
and perturbations

Mass only in background

Mass both in background 
and perturbations

Mass only in background

Mass both in background 
and perturbations

+ same effects than intermediate  affecting 
lensing:

ℓ

Tiny constraining power,

mostly background

Backg: less lensing, boost anisotropies 
Pert: more lensing, erase anisotropies

∑ mBackg.
ν → Higher expansion rate,


lower diffusion damping

∑ mBackg.
ν → Higher expansion rate,


more decay of grav. pot.

∑ mPert.
ν → Higher clustering,


less decay of grav. pot.

High  measure Backg.

ℓ

Intermediate  measure Pert.

ℓ
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Results



Results ∑ mν < 0.24 eV

∑ mBackg.
ν < 0.29 eV

∑ mPert.
ν < 0.79 eV

(PLANCK 2018)

(This work)

95% CL
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Results ∑ mν < 0.24 eV

∑ mBackg.
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ν < 0.79 eV

(PLANCK 2018)

(This work)

Degeneracy!
Perturbations mass helps in accommodating the 
tension at high multipoles of background mass.

95% CL
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Results ∑ mν < 0.24 eV

∑ mBackg.
ν < 0.29 eV

∑ mPert.
ν < 0.79 eV

(PLANCK 2018)

(This work)

Degeneracy!
Perturbations mass helps in accommodating the 
tension at high multipoles of background mass.

Probably lensing 
anomaly featureMass?

95% CL

(Planck 2018 wants more lensing)
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Results ∑ mν < 0.24 eV

∑ mBackg.
ν < 0.29 eV

∑ mPert.
ν < 0.79 eV

(PLANCK 2018)

(This work)

Degeneracy!
Perturbations mass helps in accommodating the 
tension at high multipoles of background mass.

Probably lensing 
anomaly featureMass?Current bounds come from 

background effects!
95% CL

(Planck 2018 wants more lensing)
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Results

Known degeneracies 
are at the 

background level!
Degeneracies due to the total energy 

density contribution of neutrinos.



• Cosmological bounds on neutrino masses come from the 

background evolution.


• Standard constraints apply to Background mass while 

Perturbations mass gets relaxed to .


➡ If a model modifies the expansion history alone one could 
evade the stringent constraints on neutrino masses.

∑ mPert.
ν < 0.8 eV
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Take home message:



BACKUP

Origin of cosmological neutrino mass bounds:

background vs perturbations

ντ

ν ν

ντ

ντ

ντ

ντ

ντ
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Solar mass 
splitting 
known

Δm2
21 ≃ 7.5 ⋅ 10−5 eV2



Atmospheric 
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KATRIN Collaboration, Science 388 (2025) 6743, adq9592

∑ mKATRIN
ν < 1.35 eV

K2 = (Q − T) (Q − T)2 − m2
β

m2
β = ∑

k

|Uek |2 m2
k

Sum of neutrino masses: KATRIN



Sum of neutrino masses: Tension!
Jiang et. al. 

arXiv:2407.18047 

2-5  
tension

σ



Perturbations evolution
Perturbation sources:

δ ≡
δρ
ρ θ ∼ ⃗∇ ⋅ ⃗v

σ

sound speed 
(Isotropic momentum flux)

neutrino momentum anisotropy

Free-streaming vs interacting… 

Standard-model neutrinos free-stream.
• Free-streaming in an inhomogeneous background induces anisotropic stress 

(aka momentum anisotropy).
• Conversely, interactions transfer momentum and, if sufficiently efficient, can 

wipe to out anisotropy.

42

Peak
Trough

Trough Sinusoidal
gravitational
potential

Free-streaming case

Peak

Peak

Interacting case

Scattering transfers
momentum and 
wipes out momentum 
anisotropy 

https://www.ggi.infn.it/talkfiles/slides/slides7150.pdfPlot extracted from Yvonne Y. Y. Wong talk @ GGI Neutrino Frontiers 2024

General evolution equations:

δ′￼ = − (1 + wν)θ + 3(1 + wν)ϕ′￼− 3
a′￼

a (c2
s − wν) δ

θ′￼ = −
a′￼

a
(1 − 3c2

ad)θ +
c2

s

1 + wν
k2δ − k2σ + k2ψθ′￼ = −

a′￼

a
(1 − 3c2

ad)θ +
c2

s

1 + wν
k2δ − k2σ + k2ψσ

wν wν wν

wν
c2

ad

c2
s

c2
s

c2
eff ≡

δP
δρ

δ θ
Density contrast Velocity divergence

c2
eff

https://www.ggi.infn.it/talkfiles/slides/slides7150.pdf


Radiation domination is still close,
so potentials are decaying.

Recombination Recombination

Mass only in
perturbations

Mass in perturbations:
neutrino clustering 

slows down the decay.

Mass only in 
background

Mass in background:
a faster expansion rate
boosts the decay.

(Mpc)(Mpc)
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Gravitational potentials are decaying. Neutrino effects at 
background and perturbations level have “opposite” behavior.

intermediate ℓ k(ℓ ∼ 100) ∼ 7 ⋅ 10−3 Mpc−1
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sound horizon 
crossing

(a) Acoustic Oscillations

(b) Baryon Drag
ΩBh2

Θ=|Ψ|
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Θ=0

Θ>|Ψ|

−|Ψ|/3

−|Ψ|/3

Ψ
cos(kx)

Ψ
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Hu, Sugiyama, Silk, astro-ph/9604166

Gravity displaces the zero point, 

effective temperature: Θ + Ψ

Size of constant potentials does not 
modify amplitude of oscillations

constant potentialsintermediate ℓ



decaying potentials

Highly compressed fluid maintains photon 
pressure, allowing potential to decay

Hu, Sugiyama, Silk, astro-ph/9604166  
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(b) Isocurvature 
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Less gravity + same pressure 
enhances amplitude of oscillations

intermediate ℓ



Mass only in background

Mass only in perturbations

Mass both in background 
and perturbations

CMB effects
low ℓ

high ℓ

high ℓ

intermediate ℓ

Mass only in background

Mass only in perturbations

Mass both in background 
and perturbations

Mass only in background

Mass both in background 
and perturbations

Mass only in background

Mass both in background 
and perturbations

Tiny constraining power,

mostly background

∑ mBackg.
ν → Higher expansion rate,


lower diffusion damping

∑ mBackg.
ν → Higher expansion rate,


more decay of grav. pot.

∑ mPert.
ν → Higher clustering,


less decay of grav. pot.

θD ∼ ∫
∞

zrec

1 + z
ne(z)σT

dz
H(z) / ∫

zrec

0

dz
H(z)





Mass in background

Mass in perturbations

Mass in background and perturbations









Lensing anomaly @ Planck 2018
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Neutrino Masses from Cosmology IFIC 01-10-2024Miguel Escudero Abenza (CERN)

The Data: CMB anisotropies from Planck

10

Planck Collaboration: Cosmological parameters
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Fig. 1. Planck 2018 temperature power spectrum. At multipoles ` � 30 we show the frequency-coadded temperature spectrum
computed from the Plik cross-half-mission likelihood, with foreground and other nuisance parameters fixed to a best fit assuming
the base-⇤CDM cosmology. In the multipole range 2  `  29, we plot the power spectrum estimates from the Commander
component-separation algorithm, computed over 86 % of the sky. The base-⇤CDM theoretical spectrum best fit to the Planck
TT,TE,EE+lowE+lensing likelihoods is plotted in light blue in the upper panel. Residuals with respect to this model are shown in
the lower panel. The error bars show ±1� diagonal uncertainties, including cosmic variance (approximated as Gaussian) and not
including uncertainties in the foreground model at ` � 30. Note that the vertical scale changes at ` = 30, where the horizontal axis
switches from logarithmic to linear.

it is not possible to inter-calibrate the spectra to a precision of
better than 1 % without invoking a reference model. The fidu-
cial theoretical spectra CTh

` contained in CTh are derived from
the best-fit temperature data alone, assuming the base-⇤CDM
model, adding the beam-leakage model and fixing the Galactic
dust amplitudes to the central values of the priors obtained from
using the 353-GHz maps. This is clearly a model-dependent pro-
cedure, but given that we fit over a restricted range of multipoles,
where the TT spectra are measured to cosmic variance, the re-
sulting polarization calibrations are insensitive to small changes
in the underlying cosmological model.

In principle, the polarization e�ciencies found by fitting the
T E spectra should be consistent with those obtained from EE.
However, the polarization e�ciency at 143 ⇥ 143, cEE

143, derived
from the EE spectrum is about 2� lower than that derived from
T E (where the � is the uncertainty of the T E estimate, of the
order of 0.02). This di↵erence may be a statistical fluctuation or
it could be a sign of residual systematics that project onto cali-
bration parameters di↵erently in EE and T E. We have investi-
gated ways of correcting for e↵ective polarization e�ciencies:

adopting the estimates from EE (which are about a factor of
2 more precise than T E) for both the T E and EE spectra (we
call this the “map-based” approach); or applying independent
estimates from T E and EE (the “spectrum-based” approach). In
the baseline Plik likelihood we use the map-based approach,
with the polarization e�ciencies fixed to the e�ciencies ob-
tained from the fits on EE:

⇣
cEE

100

⌘
EE fit

= 1.021;
⇣
cEE

143

⌘
EE fit

=

0.966; and
⇣
cEE

217

⌘
EE fit

= 1.040. The CamSpec likelihood, de-
scribed in the next section, uses spectrum-based e↵ective polar-
ization e�ciency corrections, leaving an overall temperature-to-
polarization calibration free to vary within a specified prior.

The use of spectrum-based polarization e�ciency estimates
(which essentially di↵ers by applying to EE the e�ciencies
given above, and to T E the e�ciencies obtained fitting the T E
spectra,

⇣
cEE

100

⌘
TE fit

= 1.04,
⇣
cEE

143

⌘
TE fit

= 1.0, and
⇣
cEE

217

⌘
TE fit

=

1.02), also has a small, but non-negligible impact on cosmo-
logical parameters. For example, for the ⇤CDM model, fitting
the Plik TT,TE,EE+lowE likelihood, using spectrum-based po-
larization e�ciencies, we find small shifts in the base-⇤CDM

7

TT, TE, EE

Latest cosmological results 
in 2018 but in 2020 new map 
reanalyses were provided:
1) with 8% more data
2) with less noise and 

systematics

This is critical for neutrino mass inferences because 
Planck data featured the so called lensing anomaly 
(~3sigma) in the same parts of the spectrum where 
the neutrino mass signal appears.

- Planck 2018:  [1807.06209]
- CamSpec:  Rosenberg et al. [2205.10869] 
- Hillipop:   Tristram et al. [2309.10034]

∼ 2.8σ
∼ 1.7σ

∼ 0.75σ

Planck Collaboration: Cosmological parameters
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Planck TT,TE,EE+lowE (AL)

Fig. 3. CMB lensing-potential power spectrum, as measured by
Planck (see PL2018 for a detailed description of this measure-
ment). Orange points show the full range of scales reconstructed
with a logarithmic binning, while grey bands show the error and
multipole range of the conservative band powers used for the
likelihood, with black points showing the average multipole of
the band weight. The solid line shows the best ⇤CDM fit to the
conservative points alone, and the dot-dashed line shows the pre-
diction from the best fit to the Planck CMB power spectra alone.
The dashed line shows the prediction from the best fit to the
CMB power spectra when the lensing amplitude AL is also var-
ied (AL = 1.19 for the best-fit model; see Sect. 6.2 for a detailed
discussion of AL).

scribed in PL2015. We neglect correlations between the 2-
and 4-point functions, which are negligible at Planck sensitiv-
ity (Schmittfull et al. 2013; Peloton et al. 2017). As in PL2015,
band powers at multipoles L > 400 are less robust than over
8  L  400, with some evidence for a curl-test failure, and pos-
sibly also systematic di↵erences between individual frequencies
that we were unable to resolve. Multipoles at L < 8 are very
sensitive to the large mean-field correction on these scales, and
hence are sensitive to the fidelity of the simulations used to esti-
mate the mean field. As described above, our baseline cosmolog-
ical results therefore conservatively use only the multipole range
8  L  400.

The Planck measurements of C��L are plotted in Fig. 3, where
they are compared to the predicted spectrum from the best-fitting
base-⇤CDM model of Sect. 3, and Fig. 4 shows the correspond-
ing broad redshift ranges that contribute to the lensing band pow-
ers in the ⇤CDM model. Fig. 3 shows that the lensing data are in
excellent agreement with the predictions inferred from the CMB
power spectra in the base-⇤CDM model (�2

e↵ = 8.9 for 9 binned
conservative band-power measurements, �2

e↵ = 14.0 for 14 bins
over the full multipole range; we discuss agreement in exten-
sions to the ⇤CDM model in more detail below). The lensing
data prefer lensing power spectra that are slightly tilted towards
less power on small scales compared to the best fit to the CMB
power spectra. This small tilt pulls joint constraints a small frac-
tion of an error bar towards parameters that give a lower lensing
amplitude on small scales. Parameter results from the full mul-
tipole range would be a little tighter and largely consistent with
the conservative band powers, although preferring slightly lower
fluctuation amplitudes (see PL2018).

Fig. 4. Contributions to the conservative CMB lensing band
powers (see text and Fig. 3) as a function of redshift in
the base-⇤CDM model (evaluated here, and only here, using
the Limber approximation (LoVerde & Afshordi 2008) on all
scales). Multipole ranges of the corresponding band powers are
shown in the legend.

As described in detail in PL2018, the lensing likelihood (in
combination with some weak priors) can alone provide ⇤CDM
parameter constraints that are competitive with current galaxy
lensing and clustering, measuring

�8⌦
0.25
m = 0.589 ± 0.020 (68 %, Planck lensing). (5)

Combined with BAO (see Sect. 5.1 below) and a baryon density
prior to break the main degeneracy between H0,⌦m, and �8 (de-
scribed in PL2015), individual parameters H0, ⌦m, and �8 can
also separately be constrained to a precision of a few percent. We
use ⌦bh2 = 0.0222 ± 0.0005 (motivated by the primordial deu-
terium abundance measurements of Cooke et al. 2018, see also
Sect. 7.6), which gives

H0 = 67.9+1.2
�1.3 km s�1Mpc�1,

�8 = 0.811 ± 0.019,

⌦m = 0.303+0.016
�0.018,

9>>>>=
>>>>;

68 %, lensing+BAO. (6)

The constraints of Eq. (5) and (6) in are in very good agreement
with the estimates derived from the Planck power spectra and are
independent of how the Planck power spectra depend on the cos-
mological model at high multipoles. This is a strong test of the
internal consistency of the Planck data. The Planck lensing con-
straints in Eqs. (5) and (6), and the consistency of these results
with the Planck power spectrum likelihoods, should be borne in
mind when comparing Planck results with other astrophysical
data (e.g., direct measurements of H0 and galaxy shear surveys,
see Sect. 5).

In this paper, we focus on joint constraints with the main
Planck power spectrum results, where the lensing power spec-
trum tightens measurements of the fluctuation amplitude and im-
proves constraints on extended models, especially when allow-
ing for spatial curvature.

A peculiar feature of the Planck TT likelihood, reported in
PCP13 and PCP15, is the favouring of high values for the lens-
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