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Neutrinos oscillate...

... and have mass ⇒ physics beyond the Standard Model

I Lecture I: Neutrino Oscillations
I Lecture II: Neutrinos in Cosmology
I Lecture III: Neutrino mass - Dirac versus Majorana
I Lecture IV: Neutrinos and physics beyond the Standard Model
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Outline - Neutrino Physics II

ΛCDM cosmology
Thermodynamics in the early Universe
Cosmic neutrinos

Big Bang nucleosynthesis
Counting neutrino flavours

Structure formation
Effect of neutrinos on structure formation
Neutrino mass bound from cosmology

Summary
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ΛCDM cosmology

Big Bang cosmology

the cosmological principle: universe is homogeneous and isotropic
+ general relativity
+ standard model of particle physics

observational pilars:
I Hubble diagram shows expansion
I Big Bang Nucleosynthesis (BBN)
I Cosmic microwave background (CMB)
I Distribution of structure at the largest scales
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ΛCDM cosmology

ΛCDM cosmology

DE: ΩΛ ≈ 0.7
CDM: Ωc ≈ 0.26
baryons: Ωb ≈ 0.04
radiation: ΩR ≈ 10−5
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ΛCDM cosmology

Cosmic expansion
space-time configuration consistent with cosmological principle
(homogeneous and isotropic): Friedman-Lemaitre-Robertson-Walker

ds2 = dt2 − a(t)2(dV )2

I 3-dim space dV can have positive, negative or zero curvature
observations: very close to flat (predicted by Inflation)
(dV )2 → dx2 + dy2 + dz2

I a(t)... cosmic scale factor
I Hubble parameter H(t) = ȧ(t)/a(t)
I Hubble constant H0 = H(t0), where t0 denotes “today”

H0 = 100 h km/s/Mpc , h ≈ 0.7

1 Mpc = 106 pc , 1 pc ≈ 3.08× 1016 m ≈ 3.26 ly
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I Hubble constant H0 = H(t0), where t0 denotes “today”

H0 = 100 h km/s/Mpc , h ≈ 0.7

1 Mpc = 106 pc , 1 pc ≈ 3.08× 1016 m ≈ 3.26 ly

T. Schwetz (KIT) Neutrino physics II 7 / 42



ΛCDM cosmology

Energy density in the expanding Universe

I energy-momentum conservation in the expanding Universe:

ρ̇+ 3 ȧ
a (p + ρ) = 0

I energy density ρ = E/V , pressure p, equation of state: p = wρ

cold matter (non-rel. particles) E = N mc2 w = 0 ⇒ ρ ∝ a−3

radiation (relativistic particles) E = N ~ω = N ~
2πλ w = 1/3 ⇒ ρ ∝ a−4

cosmological constant Λ w = −1 ⇒ ρ = const

⇒ ρtot = ρR(t0)
(a0

a

)4
+ ρM(t0)

(a0
a

)3
+ ρΛ
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ΛCDM cosmology

Dynamics of expansion → Friedman equation

Einstein equations + FLRW metric:

H2(t) = ȧ2
a2 = 8πGN

3 ρtot

→ total energy density controls expansion rate of Universe

dynamics for a(t) follow from Einstein equations:

R: a(t) ∝
√

t, M: a(t) ∝ t2/3, Λ: a(t) ∝ exp(H0
√

ΩΛt)

T. Schwetz (KIT) Neutrino physics II 10 / 42



ΛCDM cosmology

Dynamics of expansion → Friedman equation

Einstein equations + FLRW metric:

H2(t) = ȧ2
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ΛCDM cosmology Thermodynamics in the early Universe

phase space distribution function for a relativistic particle with µ = 0:

fBE/FD(p) = 1
eE/T ∓ 1

, p = |~p| ≈ E

[indep. of ~x and direction of ~p due to cosmological principle]

number density:

n = g
∫ d3p

(2π)3 fBE/FD(p) , nB = g ζ(3)
π2

T 3 , nF = 3
4nB

energy density:

ρ = g
∫ d3p

(2π)3E fBE/FD(p) , ρB = g π
2

30T 4 , nF = 7
8nB
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ΛCDM cosmology Thermodynamics in the early Universe

Expansion rate during radiation domination

energy density:

ρ = g
∫ d3p

(2π)3E fBE/FD(p) , ρB = g π
2

30T 4 , nF = 7
8nB

expansion rate during RD:

H =

√√√√8πGN
3

∑

i∈R
ρi '

√geff
T 2

MPl
, GN = 1

M2
Pl

geff counts effective degrees of freedom of all relativistic particles
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ΛCDM cosmology Thermodynamics in the early Universe

When is a particle specie in thermal equilibrium?

interactions ⇔ expansion

interaction rate: Γ = n〈vσ〉

Γ > H: in thermal equilibrium
Γ < H: out of equilibrium
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ΛCDM cosmology Thermodynamics in the early Universe

Consider decoupled relativistic species

fBE/FD(p)d3p ∝ E 2dE
eE/T ∓ 1

, p = |~p| ≈ E

I redshift: E = ~ω ∝ a−1

I thermal distribution is maintained for T ∝ a−1 after decoupling

I number density scales with a−3 ∝ T 3,
energy density with a−4 ∝ T 4

(same as for specie in thermal equilibrium)
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ΛCDM cosmology Thermodynamics in the early Universe

Cosmic microwave background photons

I photons decouple around t ∼ 300 000 yr when Universe becomes
neutral

I black body spectrum with T0 = 2.726± 0.001K

I number density of photons today: nγ = 2 ζ(3)
π2 T 3

0 ≈ 410 cm−3

I energy density of photons today:

ργ = 2π
2

30T 4
0

Ωγ ≡
ργ
ρcrit

≈ 2× 10−5h−2 , ρcrit = 3H0
8πGN
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ΛCDM cosmology Cosmic neutrinos

Neutrino decoupling

I neutrino interactions with cosmic plasma: e.g.: e+e− ↔ νν̄

I weak interactions: σ ∼ G2
FE 2 ∼ G2

FT 2

GF ∼ 1/m2
W , [GF ] = 1/[energy ]2

I interaction rate: Γ = n〈σv〉 ∼ G2
FT 5

I equilibrium condition:

Γ ∼ H ⇒ G2
FT 5 ∼ T 2

MPl

I neutrino decoupling at Tdec ∼ (G2
FMPl)−1/3 ∼ 1MeV (t ∼ 1 s)
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ΛCDM cosmology Cosmic neutrinos

Neutrino temperature

I after decoupling (T < Tdec) neutrino temperature redshifts with a−1

I at T . 0.5 MeV: e+e− annihilations → heating of photon plasma

I neutrinos already decoupled → do not feel the heating of photons

I ⇒ photon temperature decreases slower than neutrino temperature

Tγ
Tν

=
(11

4

)1/3
≈ 1.4 (T < 1MeV )

(entropy conservation)

I today: T0 = 2.7K ⇒ Tν0 = 1.9K
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ΛCDM cosmology Cosmic neutrinos

Neutrinos today
I today: Tν0 = 1.9K

≈ 1.7× 10−4 eV

I number density of relic neutrinos today per flavour:

nν = 3
4

(
Tν0
Tγ0

)3
nγ = 3

4
4
11nγ ≈ 112 cm−3

using gν = gγ = 2, nγ ≈ 411 cm−3

I Tν0 �
√

∆m2
21 ∼ 0.0086 eV,

√
∆m2

31 ∼ 0.05 eV
⇒ at least two neutrinos are non-relativistic today

I energy density for non-rel. neutrinos: ρν = nν
∑

i mi

I robust upper bound on neutrino mass from requiring Ων < 1:

Ων = ρν
ρcrit

≈
∑

i mi
47 eV ⇒

∑

i
mi < 47 eV

[much stronger bound from structure formation - see later]
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Big Bang nucleosynthesis
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Big Bang nucleosynthesis

Big Bang nucleosynthesis (BBN)
I protons and neutrons in thermal equilibrium till around 1 MeV via

n + νe ↔ p + e−

n + e+ ↔ p + ν̄e

n↔ p + ν̄e + e−

I when temperature falls further nucleii start to form:

binding energies [MeV]: D 3H 3He 4He
2.22 8.5 7.7 28.3

I formation of heavier nucleii is suppressed by low D binding energy
I ∼ 1010 more photons than baryons
→ D starts to form only around 0.07 MeV

I final out come of relative abundances sensitively depends on the
photon-baryon ratio η ∝ ΩBh2
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Big Bang nucleosynthesis
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Big Bang nucleosynthesis

23. Big-Bang nucleosynthesis 3

Figure 23.1: The primordial abundances of 4He, D, 3He, and 7Li as predicted by
the standard model of Big-Bang nucleosynthesis—the bands show the 95% CL range
[5]. Boxes indicate the observed light element abundances. The narrow vertical
band indicates the CMB measure of the cosmic baryon density, while the wider
band indicates the BBN concordance range (both at 95% CL).

March 7, 2016 13:42

determinations of the
baryon density from
Big Bang Nucleosythesis
and CMB are in perfect
agreement:

Ωbh2 = 0.0214± 0.0020 (BBN)
Ωbh2 = 0.0223± 0.0002 (CMB)
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Big Bang nucleosynthesis Counting neutrino flavours

Counting neutrino flavours
I neutron/proton abundance in thermal equilibrium:

nn
np

∣∣∣∣∣
eq
≈ e−(mn−mp)/T

with mn −mp ≈ 1.3 MeV ⇒ falls exponentially with decreasing T
I neutron/proton ratio gets frozen (up to very slow neutron decay),

once above processes fall out of equilibrium, i.e., when

Γn↔p < H

I as soon as 4He forms, all available neutrons will be bound in 4He
⇒ final 4He yield depends sensitively on neutron abundance, i.e., on
freeze-out of n/p ratio
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Big Bang nucleosynthesis Counting neutrino flavours

Counting neutrino flavours
I neutron/proton ratio gets frozen (up to very slow neutron decay),

once above processes fall out of equilibrium, i.e., when

Γn↔p < H

I remember:

H =

√√√√8πGN
3

∑

i∈R
ρi

∑

i∈R
ρi = π2

30

[
2T 4

γ + 278Neff T 4
ν

]

I 4He abundance depends sensitively on # of neutrino flavours Neff

I similar: also CMB depends on Neff (matter-radiation equality,...)
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Big Bang nucleosynthesis Counting neutrino flavours

we “see” the relic neutrinos in
the Universe:

Neff = 2.99± 0.34 (95%)

Planck 1807.06209

severe constraint for light
sterile neutrinos!

Planck Collaboration: Cosmological parameters
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Fig. 39. Constraints in the !b–Ne↵ plane from Planck TT,TE,EE
+lowE and Planck TT,TE,EE+lowE+BAO+lensing data (68 %
and 95 % contours) compared to the predictions of BBN com-
bined with primordial abundance measurements of helium
(Aver et al. 2015, in grey) and deuterium (Cooke et al. 2018, in
green and blue, depending on which reaction rates are assumed).
In the CMB analysis, Ne↵ is allowed to vary as an additional
parameter to the base-⇤CDM model, while YP is inferred from
!b and Ne↵ according to BBN predictions. For clarity we only
show the deuterium predictions based on the PArthENoPEcode
with two assumptions on the nuclear rate d(p, �)3He (case (a) in
blue, case (b) in green). These constraints assume no significant
lepton asymmetry.

e↵ective rescaling factor Ath
2 = 1.16 (Mangano & Pisanti, pri-

vate communication).
Assuming the base-⇤CDM model, we then constrain A2 us-

ing Planck data combined with the latest deuterium abundance
measurements from Cooke et al. (2018). We still need to take
into account theoretical errors on deuterium predictions arising
from uncertainties on other rates, and from the di↵erence be-
tween various codes. According to Marcucci et al. (2016) and
Pitrou et al. (2018), the deuterium fusion uncertainties propagate
to an error �(yDP) = 0.03, which encompasses the di↵erence
on deuterium predictions between PArthENoPE versus PRIMAT.
Thus we adopt �(yDP) = 0.03 as the theoretical error on deu-
terium predictions in this analysis. Adding the theoretical error
in quadrature to the observational error of Cooke et al. (2018),
we obtain a total error of �(yDP) = 0.042 on deuterium, which
we use in our joint fits of Planck+deutrium (D) data. We find

A2 = 1.138 ± 0.072 (68 %, Planck TT+lowE+D), (76a)

A2 = 1.080 ± 0.061 (68 %, Planck TT,TE,EE
+lowE+D). (76b)

If we compare these results with those from PCP15, the tension
between the Planck TT+lowE+D prediction and the experimen-
tal rate slightly increases to 1.9�. However the inclusion of po-
larization brings the Planck TT,TE,EE+lowE+D prediction half-
way between the experimental value and the theoretical rate of
Marcucci et al. (2016), in agreement with both at the 1.3� level.
The situation is thus inconclusive and highlights the need for a
precise experimental determination of the d(p, �)3He rate with
LUNA (Gustavino 2017).

Varying the density of relic radiation. We can also relax the as-
sumption that Ne↵ = 3.046 to check the agreement between
CMB and primordial element abundances in the !b–Ne↵ plane.
Figure 39 shows that this agreement is very good, with a clear
overlap of the 95 % preferred regions of Planck and of the he-
lium+deuterium measurements. This is true with any of our as-
sumptions on the nuclear rates. For clarity in the plot, we only
include the predictions of PArthENoPE (cases (a) and (b)), but
those of PRIMAT are very close to case (b). Since all these data
sets are compatible with each other, we can combine them to
obtain marginalized bounds on Ne↵ , valid in the 7-parameter
⇤CDM+Ne↵ model, with an error bar reduced by up to 30 %
compared to the Planck+BAO bounds of Eq. (67b):

(a) Ne↵ = 2.89+0.29
�0.29

(b) Ne↵ = 3.05+0.27
�0.27

(c) Ne↵ = 3.06+0.26
�0.28

9>>>>>=>>>>>;

95 %, Planck TT,TE,EE
+lowE+Aver (2015)
+Cooke (2018);

(77)

(a) Ne↵ = 2.94+0.27
�0.27

(b) Ne↵ = 3.10+0.26
�0.25

(c) Ne↵ = 3.12+0.25
�0.26

9>>>>>=>>>>>;

95 %, Planck TT,TE,EE
+lowE+BAO+Aver (2015)
+Cooke (2018).

(78)

The bounds become even stronger if we combine the helium
measurements of Aver et al. (2015) and Peimbert et al. (2016):

(a) Ne↵ = 2.93+0.23
�0.23

(b) Ne↵ = 3.04+0.22
�0.22

(c) Ne↵ = 3.06+0.22
�0.22

9>>>>>=>>>>>;

95 %, Planck TT,TE,EE
+lowE+BAO+Aver (2015)
+Peimbert (2016)
+Cooke (2018).

(79)

However, as noted in the previous section, there is some incon-
sistency between the helium abundance measurements reported
by di↵erent authors. If we use the helium abundance measure-
ment of Izotov et al. (2014) in place of Aver et al. (2015) and
Peimbert et al. (2016), the mean value of Ne↵ shifts by about
0.35 (e.g., for case (b), Ne↵ = 3.37 ± 0.22 at the 95% level), in
2.9� tension with the standard model value of 3.046.

Note finally that one can obtain Ne↵ bounds independently
of the details of the CMB spectra at high multipoles by com-
bining the helium, deuterium, and BAO data sets with a nearly
model-independent prior on the scale of the sound horizon at de-
coupling inferred from Planck data, 100✓MC = 1.0409 ± 0.0006
(68 %). This gives a very conservative bound, Ne↵ = 2.95+0.56

�0.52
(95 %), when BBN is modelled as in case (b), along with a 68 %
bound on the Hubble rate, H0 = (67.2 ± 1.7) km s�1Mpc�1.

7.6.2. CMB constraints on the helium fraction

We now allow the helium fraction to vary independently of BBN,
and compare Planck constraints with expectations. In the pa-
rameter chains we vary the mass fraction YP and compute the
nucleon fraction YBBN

P as a derived parameter, obtaining

YBBN
P = 0.241 ± 0.025 (95 %, Planck TT,TE,EE+lowE), (80a)

with similar results combined with lensing and BAO,

YBBN
P = 0.243+0.023

�0.024
(95 %, Planck TT,TE,EE+lowE
+lensing+BAO). (80b)

53
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larization brings the Planck TT,TE,EE+lowE+D prediction half-
way between the experimental value and the theoretical rate of
Marcucci et al. (2016), in agreement with both at the 1.3� level.
The situation is thus inconclusive and highlights the need for a
precise experimental determination of the d(p, �)3He rate with
LUNA (Gustavino 2017).

Varying the density of relic radiation. We can also relax the as-
sumption that Ne↵ = 3.046 to check the agreement between
CMB and primordial element abundances in the !b–Ne↵ plane.
Figure 39 shows that this agreement is very good, with a clear
overlap of the 95 % preferred regions of Planck and of the he-
lium+deuterium measurements. This is true with any of our as-
sumptions on the nuclear rates. For clarity in the plot, we only
include the predictions of PArthENoPE (cases (a) and (b)), but
those of PRIMAT are very close to case (b). Since all these data
sets are compatible with each other, we can combine them to
obtain marginalized bounds on Ne↵ , valid in the 7-parameter
⇤CDM+Ne↵ model, with an error bar reduced by up to 30 %
compared to the Planck+BAO bounds of Eq. (67b):

(a) Ne↵ = 2.89+0.29
�0.29

(b) Ne↵ = 3.05+0.27
�0.27

(c) Ne↵ = 3.06+0.26
�0.28

9>>>>>=>>>>>;

95 %, Planck TT,TE,EE
+lowE+Aver (2015)
+Cooke (2018);

(77)

(a) Ne↵ = 2.94+0.27
�0.27

(b) Ne↵ = 3.10+0.26
�0.25

(c) Ne↵ = 3.12+0.25
�0.26

9>>>>>=>>>>>;

95 %, Planck TT,TE,EE
+lowE+BAO+Aver (2015)
+Cooke (2018).

(78)

The bounds become even stronger if we combine the helium
measurements of Aver et al. (2015) and Peimbert et al. (2016):

(a) Ne↵ = 2.93+0.23
�0.23

(b) Ne↵ = 3.04+0.22
�0.22

(c) Ne↵ = 3.06+0.22
�0.22

9>>>>>=>>>>>;

95 %, Planck TT,TE,EE
+lowE+BAO+Aver (2015)
+Peimbert (2016)
+Cooke (2018).

(79)

However, as noted in the previous section, there is some incon-
sistency between the helium abundance measurements reported
by di↵erent authors. If we use the helium abundance measure-
ment of Izotov et al. (2014) in place of Aver et al. (2015) and
Peimbert et al. (2016), the mean value of Ne↵ shifts by about
0.35 (e.g., for case (b), Ne↵ = 3.37 ± 0.22 at the 95% level), in
2.9� tension with the standard model value of 3.046.

Note finally that one can obtain Ne↵ bounds independently
of the details of the CMB spectra at high multipoles by com-
bining the helium, deuterium, and BAO data sets with a nearly
model-independent prior on the scale of the sound horizon at de-
coupling inferred from Planck data, 100✓MC = 1.0409 ± 0.0006
(68 %). This gives a very conservative bound, Ne↵ = 2.95+0.56

�0.52
(95 %), when BBN is modelled as in case (b), along with a 68 %
bound on the Hubble rate, H0 = (67.2 ± 1.7) km s�1Mpc�1.

7.6.2. CMB constraints on the helium fraction

We now allow the helium fraction to vary independently of BBN,
and compare Planck constraints with expectations. In the pa-
rameter chains we vary the mass fraction YP and compute the
nucleon fraction YBBN

P as a derived parameter, obtaining

YBBN
P = 0.241 ± 0.025 (95 %, Planck TT,TE,EE+lowE), (80a)

with similar results combined with lensing and BAO,

YBBN
P = 0.243+0.023

�0.024
(95 %, Planck TT,TE,EE+lowE
+lensing+BAO). (80b)

53

T. Schwetz (KIT) Neutrino physics II 25 / 42



Big Bang nucleosynthesis Counting neutrino flavours

Cosmology vs particle colliders

we “see” the relic neutrinos in
the Universe:

Neff = 2.99± 0.34 (95%)

Planck 1807.06209

number of relativistic degrees of
freedom in thermal equilibrium
during BBN and CMB

invisible Z 0 decay width at LEP:

Nν = 2.9963± 0.0074 (68%)
PDG 2020

number of invisble particles with
2minvis < mZ coupling to the Z 0 boson
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Structure formation

Outline

ΛCDM cosmology
Thermodynamics in the early Universe
Cosmic neutrinos

Big Bang nucleosynthesis
Counting neutrino flavours

Structure formation
Effect of neutrinos on structure formation
Neutrino mass bound from cosmology
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Structure formation

Matter power spectrum
I density fluctuations in the matter density:

δ(~x , t) = ρ(~x , t)− ρ̄(t)
ρ̄(t)

I Fourier transform:
δk =

∫
d3xδ(~x , t)e−i~k~x

I definition of matter power spectrum:

〈δk , δk′〉 = (2π)3δ3(~k − ~k ′)P(k)

I finite volume: (2π)3δ3(~k − ~k ′)→ δkk′

P(k) = 〈|δk |2〉
→ P(k): variance of density fluctuations with wave number k = 2π/λ
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Structure formation

Matter power spectrum
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Structure formation

Growth of structure for non.-rel. Matter (DM + B)

linearized Einstein equations:

δ̈k + 2H δ̇k − 4πGNρMδk = 0

assume matter domination ρM ∝ a−3, use Friedman H2 = 8
3πGNρM , a ∝ t2/3,

and H = 2/(3t):
δ̈k + 4

3t δ̇k −
2
3t2 δk = 0

solution: δk ∝ t2/3 ∝ a

⇒ linear growth of matter fluctuations during matter domination (indep. of k)
⇒ cosmic structure can form

T. Schwetz (KIT) Neutrino physics II 30 / 42



Structure formation

Growth of structure for non.-rel. Matter (DM + B)

linearized Einstein equations:

δ̈k + 2H δ̇k − 4πGNρMδk = 0

assume matter domination ρM ∝ a−3, use Friedman H2 = 8
3πGNρM , a ∝ t2/3,

and H = 2/(3t):
δ̈k + 4

3t δ̇k −
2
3t2 δk = 0

solution: δk ∝ t2/3 ∝ a

⇒ linear growth of matter fluctuations during matter domination (indep. of k)
⇒ cosmic structure can form

T. Schwetz (KIT) Neutrino physics II 30 / 42



Structure formation Effect of neutrinos on structure formation

Effect of neutrinos on structure formation
I relativistic non-interacting fluid does not cluster
I free-streaming length λFS :

λFS ∼
c

H(t) , kFS =
√

3
2

H(t)
c

I in matter domination: kFS ∝ 1/t
I neutrinos become non-relativistic when 3T ≈ 〈p〉 < mν

at that point v → 0, λFS → 0, kFS →∞
I λFS has a maximum when mν ∼ 3T ⇒ define kNR for mν ≈ 3T :

kNR ≈ 0.01Mpc−1
√

mν

eV

k < kNR : neutrinos behave as dark matter: ΩM → ΩM + Ων

k > kNR : neutrinos suppress structure formation due to free-streaming
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Structure formation Effect of neutrinos on structure formation

Consider modes with k > kNR
define neutrino fraction: ρtot = ρM + ρν = ρM(1 + fν) with fν � 1

1. normalization effect on power spectrum:

P(k) ≈
〈∣∣∣∣
δρM + δρν

ρtot

∣∣∣∣
2〉
≈ 1

(1 + fν)2

〈∣∣∣∣
δρM
ρM

∣∣∣∣
2〉
≈ (1− 2fν)〈|δM |2〉

since for k > kNR we have δρM � δρν

2. suppression of structure growth: δ̈M + 2H δ̇M − 4πGNρMδM = 0

using now Friedman H2 = 8
3πGNρtot = 8

3πGN(1 + fν)ρM

δ̈M + 4
3t δ̇M −

2
3t2 (1− fν)δM = 0

solution: δM ∝ t
2
3 (1− 3

5 fν) ∝ a1− 2
5 fν

1. + 2. numerical fit: ∆P(k)
P(k) ≈ −8fν ≈ −

(mν

eV

)
k > kN
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Structure formation Effect of neutrinos on structure formation

Effect of neutrinos on matter power spectrum
Lesgourgues, Pastor, astro-ph/0603494

 0

 0.2

 0.4

 0.6

 0.8

 1

 1.2

110-110-210-310-4

P(
k)

f ν
 / 

P(
k)

f ν
=0

k   (h/Mpc)

knrknr

Fig. 13. Ratio of the matter power spectrum including three degenerate massive
neutrinos with density fraction fν to that with three massless neutrinos. The pa-
rameters (ωm, ΩΛ) = (0.147, 0.70) are kept fixed, and from top to bottom the curves
correspond to fν = 0.01, 0.02, 0.03, . . . , 0.10. The individual masses mν range from
0.046 eV to 0.46 eV, and the scale knr from 2.1×10−3hMpc−1 to 6.7×10−3hMpc−1

as shown on the top of the figure. keq is approximately equal to 1.5× 10−2hMpc−1.

Looking now at all wavenumbers, we plot in Fig. 12 the ratio of the matter
power spectrum for ΛMDM over that of ΛCDM, for different values of fν ,
but for fixed parameters (ωm, ΩΛ). Here again, the ΛMDM model has three
degenerate massive neutrinos. As expected from the analytical results, this
ratio is a step-like function, equal to one for k < knr and to a constant for
k ≫ keq. The value of the small-scale suppression factor is plotted in Fig. 13
as a function of fν and of the number Nν of degenerate massive neutrinos, still
for fixed (ωm, ΩΛ). The numerical result is found to be in excellent agreement
with the analytical prediction of Eq. (141). For simplicity, the growth factor
g(a0) ≃ 0.8 can even be replaced by one in Eq. (141) without changing the
result significantly. The well-known formula P (k)fν/P (k)fν=0 ≃ −8 fν is a
reasonable first-order approximation for 0 < fν < 0.07.

4.6 Summary of the neutrino mass effects

4.6.1 Effects on CMB and LSS power spectra for fixed (ωm, ΩΛ) and degen-
erate masses

In Fig. 14, we show CT
l and P (k) for two models: ΛCDM with fν = 0 and

ΛMDM with Nν = 3 massive neutrinos and a total density fraction fν = 0.1.
We also display for comparison the neutrinoless model of Sec. 4.4.6. In all

60

here: ωi ≡ Ωih2, 3mν ≡
∑

i mi , fν ≡ ων/ωm = 3mν/(ωm × 93 eV)
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Structure formation Effect of neutrinos on structure formation

Effect of neutrino mass on CMB and LSS

data points: WMAP 3yr and 2dF ’05 Y.Y.Y. Wong, 1111.1436

I CMB: mainly height of 1st peak
I LSS: suppression of structure at scales smaller than 1–10 Mpc
I effects correlated with other parameters of the ΛCDM model
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Structure formation Effect of neutrinos on structure formation

Effect of neutrino mass on CMB and LSS
Lesgourgues, Verde, PDG 2020

2 26. Neutrinos in Cosmology

5 5

Figure 26.1: Ratio of the CMB CTT
¸ (left, including lensing e�ects) and matter power spectrum P (k)

(right, computed for each model in units of (h≠1Mpc)3) for di�erent values of ∆Ne� © Ne� ≠ 3.045
over those of a reference model with ∆Ne� = 0. In order to minimize and better characterise
the e�ect of Ne� on the CMB, the parameters that are kept fixed are {zeq, z», Êb, ·} and the
primordial spectrum parameters. Fixing {zeq, z»} is equivalent to fixing the fractional density
of total radiation, of total matter and of cosmological constant {�r,�m,��} while increasing the
Hubble parameter as a function of Ne� . The statistical errors on the C¸ are ≥ 1% for a band power
of ∆¸ = 30 at ¸ ≥ 1000. The error on P (k) is estimated to be of the order of 5%.

Figure 26.2: Ratio of the CMB CTT
¸ and matter power spectrum P (k) (computed for each model

in units of (h≠1Mpc)3) for di�erent values of q
m‹ over those of a reference model with massless

neutrinos. In order to minimize and better characterise the e�ect of q
m‹ on the CMB, the

parameters that are kept fixed are Êb, Êc, · , the angular scale of the sound horizon ◊s and the
primordial spectrum parameters (solid lines). This implies that we are increasing the Hubble
parameter h as a function of q

m‹ . For the matter power spectrum, in order to single out the e�ect
of neutrino free-streaming on P (k), the dashed lines show the spectrum ratio when {Êm,Êb,��}
are kept fixed. For comparison, the error on P (k) is of the order of 5% with current observations,
and the fractional C¸ errors are of the order of 1/

Ô
¸ at low ¸.

leptonic asymmetry. Then they can be viewed as three propagating mass eigenstates sharing the
same temperature and identical Fermi-Dirac distributions, thus with no visible e�ects of flavour
oscillations. Neutrinos decouple gradually from the thermal plasma at temperatures T ≥ 2 MeV. In
the instantaneous neutrino decoupling limit, i.e., assuming that neutrinos were fully decoupled at

1st June, 2020 8:29am

I dashed: fixing ΩM = ΩB + ΩCDM + Ων → modify zeq when changing mν

→ strong effect on CMB
I solid: fixing ΩB ,ΩCDM , angular scale of sound hor.,..., such that

zeq ≈ const, minimizing effect on CMB
→ (nearly) scale invariant suppression of P(k); correlation of mν with H0

T. Schwetz (KIT) Neutrino physics II 36 / 42



Structure formation Neutrino mass bound from cosmology

Neutrino mass bound from cosmology

∑
mν < 0.24 eV (CMB)

∑
mν < 0.12 eV (CMB+BAO)

limits at 95% CL

Planck 1807.06209

Planck Collaboration: Cosmological parameters
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Fig. 34. Samples from Planck TT,TE,EE+lowE chains in theP
m⌫–H0 plane, colour-coded by �8. Solid black contours

show the constraints from Planck TT,TE,EE+lowE+lensing,
while dashed blue lines show the joint constraint from Planck
TT,TE,EE+lowE+lensing+BAO, and the dashed green lines ad-
ditionally marginalize over Ne↵ . The grey band on the left shows
the region with

P
m⌫ < 0.056 eV ruled out by neutrino oscilla-

tion experiments. Mass splittings observed in neutrino oscilla-
tion experiments also imply that the region left of the dotted ver-
tical line can only be a normal hierarchy (NH), while the region
to the right could be either the normal hierarchy or an inverted
hierarchy (IH).

Increasing the neutrino mass leads to lower values of H0, and
hence aggravates the tension with the distance-ladder determina-
tion of Riess et al. (2018a, see Fig. 34). Adding the Riess et al.
(2018a) H0 measurement to Planck will therefore give even
tighter neutrino mass constraints (see the parameter tables in the
PLA), but such constraints should be interpreted cautiously until
the Hubble tension is better understood.

The remarkably tight constraints using CMB and BAO data
are comparable with the latest bounds from combining with
Ly↵ forest data (Palanque-Delabrouille et al. 2015; Yèche et al.
2017). Although Ly↵ is a more direct probe of the neutrino mass
(in the sense that it is sensitive to the matter power spectrum on
scales where the suppression caused by neutrinos is expected
to be significant) the measurements are substantially more dif-
ficult to model and interpret than the CMB and BAO data. Our
95 % limit of

P
m⌫ < 0.12 eV starts to put pressure on the in-

verted mass hierarchy (which requires
P

m⌫ >⇠ 0.1 eV) indepen-
dently of Ly↵ data. This is consistent with constraints from neu-
trino laboratory experiments which also slightly prefer the nor-
mal hierarchy at 2–3� (Adamson et al. 2017; Abe et al. 2018;
Capozzi et al. 2018; de Salas et al. 2018a,b).

7.5.2. Effective number of relativistic species

New light particles appear in many extensions of the Standard
Model of particle physics. Additional dark relativistic degrees
of freedom are usually parameterized by Ne↵ , defined so that
the total relativistic energy density well after electron-positron
annihilation is given by

⇢rad = Ne↵
7
8
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Fig. 35. Samples from Planck TT,TE,EE+lowE chains in
the Ne↵–H0 plane, colour-coded by �8. The grey bands
show the local Hubble parameter measurement H0 =
(73.45 ± 1.66) km s�1Mpc�1 from Riess et al. (2018a). Solid
black contours show the constraints from Planck TT,TE,EE
+lowE+lensing+BAO, while dashed lines the joint constraint
also including Riess et al. (2018a). Models with Ne↵ < 3.046
(left of the solid vertical line) require photon heating after neu-
trino decoupling or incomplete thermalization.

The standard cosmological model has Ne↵ ⇡ 3.046,
slightly larger than 3 since the three standard model neu-
trinos were not completely decoupled at electron-positron
annihilation (Gnedin & Gnedin 1998; Mangano et al. 2005;
de Salas & Pastor 2016).

We can treat any additional massless particles produced well
before recombination (that neither interact nor decay) as simply
an additional contribution to Ne↵ . Any species that was initially
in thermal equilibrium with the Standard Model particles pro-
duces a �Ne↵ (⌘ Ne↵ � 3.046) that depends only on the number
of degrees of freedom and decoupling temperature. Using con-
servation of entropy, fully thermalized relics with g degrees of
freedom contribute

�Ne↵ = g
"

43
4 gs

#4/3

⇥
(

4/7 boson,
1/2 fermion, (65)

where gs is the e↵ective degrees of freedom for the entropy of
the other thermalized relativistic species that are present when
they decouple.37 Examples range from a fully thermalized ster-
ile neutrino decoupling at 1 <⇠ T <⇠ 100 MeV, which produces
�Ne↵ = 1, to a thermalized boson decoupling before top quark
freeze-out, which produces �Ne↵ ⇡ 0.027.

Additional radiation does not need to be fully thermalized, in
which case �Ne↵ must be computed on a model-by-model basis.
We follow a phenomenological approach in which we treat Ne↵
as a free parameter. We allow Ne↵ < 3.046 for completeness,
corresponding to standard neutrinos having a lower temperature
than expected, even though such models are less well motivated
theoretically.

The 2018 Planck data are still entirely consistent with Ne↵ ⇡
3.046, with the new low-` polarization constraint lowering the

37For most of the thermal history gs ⇡ g⇤, where g⇤ is the e↵ective
degrees of freedom for density, but they can di↵er slightly, for example
during the QCD phase transition (Borsanyi et al. 2016) .

48

I currently strongest bounds on absolute neutrino mass (see later)
I severe constraint for light sterile neutrinos
I rather stable wrt to modifications of cosmology
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Fig. 34. Samples from Planck TT,TE,EE+lowE chains in theP
m⌫–H0 plane, colour-coded by �8. Solid black contours

show the constraints from Planck TT,TE,EE+lowE+lensing,
while dashed blue lines show the joint constraint from Planck
TT,TE,EE+lowE+lensing+BAO, and the dashed green lines ad-
ditionally marginalize over Ne↵ . The grey band on the left shows
the region with

P
m⌫ < 0.056 eV ruled out by neutrino oscilla-

tion experiments. Mass splittings observed in neutrino oscilla-
tion experiments also imply that the region left of the dotted ver-
tical line can only be a normal hierarchy (NH), while the region
to the right could be either the normal hierarchy or an inverted
hierarchy (IH).

Increasing the neutrino mass leads to lower values of H0, and
hence aggravates the tension with the distance-ladder determina-
tion of Riess et al. (2018a, see Fig. 34). Adding the Riess et al.
(2018a) H0 measurement to Planck will therefore give even
tighter neutrino mass constraints (see the parameter tables in the
PLA), but such constraints should be interpreted cautiously until
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2017). Although Ly↵ is a more direct probe of the neutrino mass
(in the sense that it is sensitive to the matter power spectrum on
scales where the suppression caused by neutrinos is expected
to be significant) the measurements are substantially more dif-
ficult to model and interpret than the CMB and BAO data. Our
95 % limit of

P
m⌫ < 0.12 eV starts to put pressure on the in-

verted mass hierarchy (which requires
P

m⌫ >⇠ 0.1 eV) indepen-
dently of Ly↵ data. This is consistent with constraints from neu-
trino laboratory experiments which also slightly prefer the nor-
mal hierarchy at 2–3� (Adamson et al. 2017; Abe et al. 2018;
Capozzi et al. 2018; de Salas et al. 2018a,b).

7.5.2. Effective number of relativistic species

New light particles appear in many extensions of the Standard
Model of particle physics. Additional dark relativistic degrees
of freedom are usually parameterized by Ne↵ , defined so that
the total relativistic energy density well after electron-positron
annihilation is given by

⇢rad = Ne↵
7
8
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Fig. 35. Samples from Planck TT,TE,EE+lowE chains in
the Ne↵–H0 plane, colour-coded by �8. The grey bands
show the local Hubble parameter measurement H0 =
(73.45 ± 1.66) km s�1Mpc�1 from Riess et al. (2018a). Solid
black contours show the constraints from Planck TT,TE,EE
+lowE+lensing+BAO, while dashed lines the joint constraint
also including Riess et al. (2018a). Models with Ne↵ < 3.046
(left of the solid vertical line) require photon heating after neu-
trino decoupling or incomplete thermalization.

The standard cosmological model has Ne↵ ⇡ 3.046,
slightly larger than 3 since the three standard model neu-
trinos were not completely decoupled at electron-positron
annihilation (Gnedin & Gnedin 1998; Mangano et al. 2005;
de Salas & Pastor 2016).

We can treat any additional massless particles produced well
before recombination (that neither interact nor decay) as simply
an additional contribution to Ne↵ . Any species that was initially
in thermal equilibrium with the Standard Model particles pro-
duces a �Ne↵ (⌘ Ne↵ � 3.046) that depends only on the number
of degrees of freedom and decoupling temperature. Using con-
servation of entropy, fully thermalized relics with g degrees of
freedom contribute

�Ne↵ = g
"

43
4 gs

#4/3

⇥
(

4/7 boson,
1/2 fermion, (65)

where gs is the e↵ective degrees of freedom for the entropy of
the other thermalized relativistic species that are present when
they decouple.37 Examples range from a fully thermalized ster-
ile neutrino decoupling at 1 <⇠ T <⇠ 100 MeV, which produces
�Ne↵ = 1, to a thermalized boson decoupling before top quark
freeze-out, which produces �Ne↵ ⇡ 0.027.

Additional radiation does not need to be fully thermalized, in
which case �Ne↵ must be computed on a model-by-model basis.
We follow a phenomenological approach in which we treat Ne↵
as a free parameter. We allow Ne↵ < 3.046 for completeness,
corresponding to standard neutrinos having a lower temperature
than expected, even though such models are less well motivated
theoretically.

The 2018 Planck data are still entirely consistent with Ne↵ ⇡
3.046, with the new low-` polarization constraint lowering the

37For most of the thermal history gs ⇡ g⇤, where g⇤ is the e↵ective
degrees of freedom for density, but they can di↵er slightly, for example
during the QCD phase transition (Borsanyi et al. 2016) .

48

I currently strongest bounds on absolute neutrino mass (see later)
I severe constraint for light sterile neutrinos
I rather stable wrt to modifications of cosmology
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Structure formation Neutrino mass bound from cosmology

Cosmology is sensitive to the sum of neutrino masses

3∑

i=1
mi =

{
m0 +

√
∆m2

21 + m2
0 +

√
∆m2

31 + m2
0 (NO)

m0 +
√
|∆m2

32|+ m2
0 +

√
|∆m2

32| −∆m2
21 + m2

0 (IO)

minimum values for m0 = 0:

∑
mi
∣∣∣
min

=
{

58.5± 0.48meV (NO)
98.6± 0.85meV (IO)

I current limit close to IO minimum
I detection of non-zero neutrino mass

expected soon!

Absolute neutrino mass

Cosmology and — decay observables
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Structure formation Neutrino mass bound from cosmology

Excluding IO with cosmology?

Planck CMB + BAO (2016)
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Figure 1: Posterior likelihood function from current data (Planck+BAO+H0). The left panel shows the

posterior likelihood function for ⌃, where we indicate the predicted values for NO and IO in the case of

m0 = 0; the width of the lines corresponds to ±2� uncertainty due to current oscillation data. The gray

shaded region indicates the one-sided upper bound on ⌃ at 95% CL (flat prior in ⌃). The right panel shows

the posterior likelihood as a function of m0 for NO and IO with appropriate relative normalization. The

dashed, dot-dashed, solid curves correspond to the approximation that 1, 2, 3 massive neutrinos contribute

to ⌃ (see text for details).

none of these scenarios actually corresponds to the realistic cases of NO or IO with mass-

squared di↵erences constrained by oscillations. However, the spread in the results will be

indicative for our assumption that cosmology is sensitive only to ⌃. Indeed we confirm that

within the numerical accuracy all three models lead to an upper bound of 0.14 eV (95% CL).

The posterior likelihood function is shown in fig. 1. The left panel shows the likelihood

as a function of ⌃, and we indicate the predicted values for ⌃ for NO and IO assuming

m0 = 0, as well as the 95% CL upper bound on ⌃, assuming a flat prior in ⌃ � 0. Note

that the region of largest likelihood, for ⌃ < 59 meV, is actually unphysical, since such small

values for the sum of the neutrino masses are inconsistent with neutrino oscillation data.

Hence, this region will be cut away once the sum is expressed using eq. (1.1) and imposing

the physical requirement of m0 � 0.

In order to apply eq. (2.2) to calculate the probability of IO vs NO we translate the

likelihood into a posterior likelihood as a function of m0 by using eq. (1.1).2 The resulting

likelihoods are shown in the right panel of fig. 1. The posterior odds for NO versus IO are

given by the ratio of the integrals over those two curves weighted by the prior probabilities

for the orderings. Assuming equal prior probabilities for NO and IO, eq. (2.2) leads to a

probability for IO of pI = 0.35, which corresponds to posterior odds for NO versus IO of

about 1.9:1. Clearly, using even quite restrictive assumptions about the cosmological model

2We neglect the uncertainty induced by the uncertainty on the mass-squared di↵erences from oscillation

data. For an accuracy on ⌃ larger than 0.01 eV this is an excellent approximation, see also sec. 4.
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Planck CMB + EUCLID (202x)
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Figure 2: Posterior likelihood function from simulated future data (EUCLID+Planck CMB). The left

panel shows the posterior likelihood function for ⌃ for a fiducial model with one massive neutrino with

m⌫ = 0.06 eV and two massless neutrinos. We indicate the predicted values for NO and IO in the case of

m0 = 0; the width of the lines corresponds to ±2� uncertainty due to current oscillation data. The gray

shaded region indicates the one-sided upper bound on ⌃ at 95% CL (flat prior in ⌃). The right panel shows

the posterior likelihood as a function of m0 for NO and IO with appropriate relative normalization.

as above we transform the likelihood now into a likelihood for m0 assuming either NO or IO,

see right panel. We ignore the small e↵ects of the di↵erent orderings of the neutrino masses

and use the same likelihood to describe both normal and inverted orderings. As mentioned

above this should be an excellent approximation for the used data set. The relative posterior

likelihood for NO and IO is given by the ratio of the areas under the two curves. Assuming

equal prior probabilities for NO and IO we obtain a probability for IO according to eq. (2.2)

of 8%, which corresponds to posterior odds of NO versus IO of approximately 12:1.

4 Sensitivity estimates with a Gaussian toy likelihood

From fig. 2 one can see that the likelihood function as a function of ⌃ is close to Gaussian.

This is certainly true for the simulated EUCLID data, but holds approximately also for

present data. To estimate the required accuracy needed on ⌃ to exclude IO we assume

therefore that the likelihood function from cosmology can be approximated by

L(⌃obs|m0, O) =
1p
2⇡�

exp


�(⌃obs � ⌃(m0, O))2

2�2

�
(4.1)

where ⌃(m0, O) is given in eq. (1.1), and �2 = �2
osc + �2

obs, with �osc(m0, O) being the error

on ⌃ induced by the uncertainty on the mass-squared di↵erences according to eq. (1.2), and

�obs is the accuracy on ⌃ assumed for the cosmological data. From eq. (1.3) we see that

�osc is below 1 meV for both orderings and m0 = 0. For non-zero m0, �osc is even smaller.

Hence, for �obs & 0.01 eV, the uncertainty on ⌃ from oscillation data is negligible.

7

Hannestad, Schwetz, 2016
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Structure formation Neutrino mass bound from cosmology

Relaxing the neutrino mass bound with neutrino decay

assume neutrino decay:

νi → ν4φ

with i = 1, 2, 3 and
m4,mφ = 0

decay rate: Γν

Chacko, Dev, Du, Poulin, Tsai,
1909.05275, 2002.08401

CMBneutrino free streaming

KLZ-800 (NH)

Log Scale
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Figure 1. The plot shows the current constraints in the
P

m⌫ � �⌫ parameter space. The colored regions are
excluded by current data while the white region is allowed. The orange dashed line separates the region of
parameter space in which neutrinos decay while still relativistic from that in which they decay after becoming
non-relativistic. Our study focuses on the region below this line, corresponding to the latter scenario. The light
grey regions show current constraints on neutrino mass and lifetime coming from CMB free streaming and
the bound on stable neutrinos (labelled “CMB+LSS (stable neutrino)”). Our analysis excludes the blue region
labelled “CMB+LSS (this work)” based on CMB and LSS data (Planck+BAO+Pantheon+LSS). The dash-
dotted line represents the approximate constraint obtained by simply requiring that the matter power spectrum
be consistent with observations in the neighborhood of k = 0.1 h/Mpc with fixed H0. This is seen to provide
a reasonable estimate to the constraints from all data. The vertical brown band shows the projected KATRIN
sensitivity and also the current KLZ sensitivity. The vertical red line shows the projected KLZ-800 sensitivity
in the case of a normal hierarchy.

2 Parameter Space of the Unstable Neutrino

In this section we outline the constraints on the decay of neutrinos to dark radiation. As explained in
the introduction, these bounds only place limits on a combination of the neutrino mass and the life-
time. Therefore, in this study we will map out the constraints and the signals in the two-dimensional
parameter space spanned by the sum of neutrino masses (

P
m⌫) and the neutrino decay width (�⌫),

as displayed in Fig. 1. In our analysis we make the simplifying assumption that all three neutrinos are
degenerate in mass. As we shall see, the bounds on

P
m⌫ are always much larger than the observed

2http://www.class-code.net
3While this analysis was being finalized, the Planck 2018 data became public [59]. We leave the analysis using Planck

2018 data to future work.

– 5 –

see also Escudero,Fairbairn,1907.05425; Escudero,Lopez-Pavon,Rius,Sandner,2007.04994
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Summary

Summary

I Neutrinos play an important role in cosmology:
I control the formation of light elements (BBN)
I control the formation of cosmic structure
I many more, not discussed here

I Cosmology is a powerful tool to constrain neutrino properties:
I number of neutrino flavours
I stringent bound on sum of neutrino masses

detection of non-zero neutrino mass is in reach
I can constrain non-standard neutrino properties, e.g., sterile neutrinos,

neutrino decay, neutrino self-interactions,... (many more effects not
discussed here)
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