
Neutrinos in Cosmology and Astrophysics
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 2015 Nobel Physics Prize to Takaaki Kajita and Arthur B. 
McDonald  
“for the discovery of neutrino oscillations, which shows that 
neutrinos have mass. [...] New discoveries about the deepest neutrino 
secrets are expected to change our current understanding of the 
history, structure and future fate of the Universe"  



Photon windows 
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Neutrino windows 
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(Vitagliano, Tamborra & Raffelt, .Mod.Phys.’20)
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Neutrino windows 
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High-energy and ultra-high-energy neutrinos: A Snowmass white paper, JHEAp’22



GZK cutoff


•Greisen                     Zatsepin                   Kuzmin
•1966



GZK cutoff

Cosmic ray protons with energies higher than  eV will interact with the 
CMB ’s:  

6 × 1019

γ p+ + γ → p+ + π0

The threshold for these reactions can be computed as follows:


(qγ + qp)2 ≥ (mp + mπ)2

(Eγ + Ep)2 − (pγ + pp)2 ≥ (mp + mπ)2

2EγEp − 2pγ pp cos θ ≥ m2
π + 2mpmπ

For  and relativistic protons and pions: cos θ = − 1

Ep ≥
m2

π + 2mpmπ

4Eγ

After some “numerology”: Ep ≥ 6.2 ⋅ 1019eV

λγp =
1

σnγ
≃ 10 MpcMean free path:



Neutrino windows 


High-energy and ultra-high-energy neutrinos: A Snowmass white paper, JHEAp’22
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(Vitagliano, Tamborra & Raffelt, .Mod.Phys.’20)



1. NEUTRINO DECOUPLING IN THE EARLY UNIVERSE  

2. COSMOLOGY & Neff 

3. COSMOLOGY & NEUTRINO MASSES 

4. HIGH ENERGY NEUTRINOS 



Our ( CDM) universe todayΛ

Dark energy 70%

Dark matter 25%

Stars 0.5%

Hidrogen & Helium 
4%

 Heavy elements 0.03%

0.1 %≲ Neutrinos ≲0.3%

 Cosmic Microwave Background 0.001%

?

https://www.google.com/imgres?imgurl=https%3A%2F%2Fimg.purch.com%2Frc%2F300x200%2FaHR0cDovL3d3dy5zcGFjZS5jb20vaW1hZ2VzL2kvMDAwLzAwMC8xMjYvb3JpZ2luYWwvY2hpbGUtZWFydGhxdWFrZS1lYXJ0aC1kYXlzMi0xMDAzMDItMDIuanBn&imgrefurl=https%3A%2F%2Fwww.space.com%2F54-earth-history-composition-and-atmosphere.html&docid=Pwd-8dnndtvvyM&tbnid=QE8JV78Ojxx4CM%3A&vet=10ahUKEwiRib3Zte3bAhVi6YMKHablDp4QMwgyKAAwAA..i&w=300&h=200&client=firefox-b-ab&bih=700&biw=1571&q=earth%20planet&ved=0ahUKEwiRib3Zte3bAhVi6YMKHablDp4QMwgyKAAwAA&iact=mrc&uact=8
https://www.google.com/imgres?imgurl=https%3A%2F%2Fwww.nationalgeographic.com%2Fcontent%2Fdam%2Fscience%2Fphotos%2F000%2F012%2F1230.ngsversion.1488483024625.adapt.1900.1.jpg&imgrefurl=https%3A%2F%2Fwww.nationalgeographic.com%2Fscience%2Fspace%2Funiverse%2Fstars%2F&docid=6aSwre4su3YNUM&tbnid=Z1PlzD7bv00CCM%3A&vet=10ahUKEwj7vb3yte3bAhUOiIMKHe_4Bb0QMwg7KAQwBA..i&w=1900&h=1425&client=firefox-b-ab&bih=700&biw=1571&q=stars&ved=0ahUKEwj7vb3yte3bAhUOiIMKHe_4Bb0QMwg7KAQwBA&iact=mrc&uact=8
https://www.google.com/imgres?imgurl=https%3A%2F%2Fd1o50x50snmhul.cloudfront.net%2Fwp-content%2Fuploads%2F2007%2F12%2Fdn12996-1_500.jpg&imgrefurl=https%3A%2F%2Fwww.newscientist.com%2Farticle%2Fdn12996-universes-first-stars-may-have-been-dark%2F&docid=D7xF2jkUrfrfiM&tbnid=Qdsk-QvFk3z8mM%3A&vet=10ahUKEwjm-trNtu3bAhWJ6IMKHR6cCRIQMwg_KAIwAg..i&w=500&h=410&client=firefox-b-ab&bih=700&biw=1571&q=hydrogen%20and%20helium%20clouds&ved=0ahUKEwjm-trNtu3bAhWJ6IMKHR6cCRIQMwg_KAIwAg&iact=mrc&uact=8


The radiation in the universe has a mean T≃ 2.725 K!

This map is just telling us how the CMB temperature varies with the angular size of patches in 
the sky…



The CMB fluctuations are due to the acoustic oscillations in the baryon-photon fluid before 
recombination. 

(From W. Hu)

Potential wells

Potential hills

High density
Low density

COLD SPOTS in CMB maps
HOT SPOTS in CMB maps

Tracey Slatyer ’s lecture



Spot the 5 differences!
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According to standard cosmology,  there is a cosmic neutrino background, 
equivalent to the CMB photon background, albeit slightly colder T≃ 1.94 K

340 neutrinos/cm3

5572 neutrinos/in3
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This cosmic relic neutrino background has never been detected directly.

The universe is filled with a dense flux of “relic neutrinos” 
created in the Big Bang. 

This makes neutrinos the most abundant KNOWN form of…

HOT dark matter! 



Event Time Redshift Temperature

Baryogenesis ? ? ?

EW phase transition 2⇥ 10�11
s 1015 100GeV

QCD phase transition 2⇥ 10�5
s 1012 150MeV

Neutrino decoupling 1s 6⇥ 109 1MeV

Electron-positron annihilation 6s 2⇥ 109 500keV

Big bang nucleosynthesis 3min 4⇥ 108 100keV

Matter-radiation equality 6⇥ 104yrs 3400 .75eV

Recombination 2.6� 3.8⇥ 105yrs 1100-1400 .26� .33eV

CMB 3.8⇥ 105yrs 1100 .26eV

Baryogenesis: As we discussed in lecture 5, there is an asymmetry between baryons and
anti-baryons that cannot be explained by the standard model of particle physics. Thus at
energies above 1TeV there must be some new physics that generates this asymmetry. While
there are many di↵erent theoretical ideas, there is no experimental test of any of these so
we cannot associate a time to baryogenesis. Since the observed universe is neutral under the
electric charge, there must be a similar asymmetry between electrons and positrons so that
after their annihilation we are left with one electron for each proton.

Electroweak-phase transition: During this phase transition that we discussed last time,
the particles get their mass due to the so called Higgs e↵ect. Once the standard model
particles are massive they start to drop out of equilibrium whenever the temperature of the
universe (i.e. the thermal bath) becomes smaller than their mass. Then the particles start
to annihilate with their anti-particles and their number densities decrease exponentially.
The remaining matter in our observed universe is due to the matter-anti-matter asymmetry
mentioned above.

QCD phase transition: The strong force is weaker at higher energies (temperatures)
and becomes stronger and stronger during the cooling of the universe. Around 150MeV the
strong force is so strong that free gluons and quarks cannot exist anymore and all the quarks
are bound into so called baryons and mesons. These are bound states that are neutral under
the strong force. The lightest baryons are the familiar proton and neutron. There are also
heavier baryons and mesons that can be lighter than the proton and neutron but all of these
are unstable and quickly decay. So a little bit after the QCD phase transition we are left
with essentially only protons and neutrons that are the building blocks for the atomic nuclei.

Neutrino decoupling: As we discussed today, at around 1MeV the weak interaction
becomes so weak that particles that are only charged under the weak force, i.e. the neutrinos,
decouple from the thermal plasma. These neutrinos, similarly to the photons in the CMB,

6



Particle decoupling in the early universe: Neutrinos

•Straightforward rule to estimate a particle decoupling time in the early universe is:

•While the expansion rate of the universe is given by the Hubble factor:

� . H

•Neutrinos only interact via weak interactions, with a rate:

�⌫ = n�v ' T 3G2
FT

2 ⇠ G2
FT

5

H
2 =

8⇡G

3
⇢ ⇠ T

4
/m

2
pl

�⌫/H ⇠
✓

T

1 MeV

◆3

•Therefore neutrinos decouple from the thermal bath around 1 MeV.

Tracey Statyer’s lecture
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They do not inherit any of the energy associated to e+ e-  annihilations, being colder than photons:

2 FERMILAB–Pub–04/379–T

As a Gedankenexperiment, the prospect of cosmic-
neutrino absorption spectroscopy has great clarity and
appeal. Reality is more complicated, and it is our
purpose—building on earlier work—to analyze all the im-
portant e!ects that will influence the execution and in-
terpretation of neutrino-absorption experiments. We are
encouraged in this e!ort by the imminent construction
and operation of neutrino observatories and by imagi-
native e!orts to develop new techniques to detect super-
high-energy neutrinos. A novel aspect of the analysis pre-
sented here is our attention to the thermal motion of the
relics. We also raise the possibility that cosmic-neutrino
absorption spectroscopy might open a new vista on the
thermal history of the universe, as well as extending or
validating our understanding of neutrino properties.

In the body of this introductory section, we develop the
pieces that enter the analysis of neutrino absorption spec-
tra: our expectations for the relic neutrino background
now and in the past, details of the annihilation cross sec-
tion, and possible sources of extremely energetic cosmic
neutrinos. We also survey experiments that aim to de-
tect ultrahigh-energy neutrinos. In §II, we describe the
idealized situation of a super-high-energy neutrino beam
incident on a (very long) uniform column of relic neutri-
nos at today’s density, but with negligible temperature.
We describe the information that could be extracted from
absorption dips, assuming perfect energy resolution and
flavor tagging.

The extremely long interaction length for neutrinos
traversing the relic background means that we must inte-
grate over cosmic time, or redshift, and this takes up §III.
There we discuss the mechanisms that distort absorption
lines and how the distortions compromise the dream of
determining the absolute neutrino masses. We also re-
mark on the sensitivity of the line-shape to the thermal
history of the Universe.

We include Fermi motion due to the relic-neutrino
temperature—which evolves with redshift—in §IV. The
mean relic-neutrino momentum at the present epoch acts
as a rough lower bound on the e!ective target mass. Sec-
tion V is devoted to the implications of unconventional
neutrino histories, including neutrino decay and the con-
sequences of a lepton asymmetry in the early Universe.
We summarize what we have learned, and assess the
prospects for experimental realization of these ideas in
§VI. Looking forward to the experiments, we consider
how external information could enhance the potential
of cosmic-neutrino absorption spectroscopy, and we es-
timate the sensitivity required to make the technique a
reality.

B. Character of the Relic Neutrino Background

The cosmic microwave background is characterized by
a Bose–Einstein blackbody distribution of photons (per

unit volume)4

dn!(T )

d3p
=

1

(2!)3
1

exp (p/T )! 1
, (1)

where p is the relic momentum and T is the temperature
of the photon ensemble. The number density of photons
throughout the Universe is

n!(T ) =
1

(2!)3

!
d3p

1

exp (p/T ) ! 1
=

2"(3)

!2
T 3, (2)

where "(3) " 1.20205 is Riemann’s zeta function. In
the present Universe, with a photon temperature T0 =
(2.725 ± 0.002) K [8], the photon density is

n!0 # n!(T0) " 410 cm!3 . (3)

The present photon density provides a reference for
other big-bang relics. The essential observation is that
neutrinos decoupled when the cosmic soup cooled to
around 1 MeV, so did not share in the energy released
when electrons and positrons annihilated at T " me,
the electron mass. Applying entropy conservation and
counting interacting degrees of freedom, it follows that
the ratio of neutrino and photon temperatures (below
me) is

T"/T =
"

4
11

#1/3
, (4)

so that the present neutrino temperature is

T"0 =
"

4
11

#1/3
T0 = 1.945 K ! 1.697$ 10!4 eV . (5)

The momentum distribution of relic neutrinos follows
the Fermi–Dirac distribution (with zero chemical poten-
tial),

dn"i
(T")

d3p
=

dn"c

i
(T")

d3p
=

1

(2!)3
1

exp (p/T") + 1
. (6)

The number distribution of relic neutrinos is therefore

n"i
(T") = n"c

i
(T") =

1

(2!)3

!
d3p

1

exp (p/T") + 1

=
3"(3)

4!2
T 3

" , (7)

= 3
22n!(T ) .

In the present Universe, the number density of each (ac-
tive) neutrino species is 5

n"i0 = n"c

i
0 # n"i

(T"0) " 56 cm!3 , (8)

4 We adopt units such that h̄ = 1 = c, and we will mea-
sure temperature in kelvins or electron volts, as appropriate to
the situation. The conversion factor is Boltzmann’s constant,
k = 8.617343 ! 10!5 eV K!1.

5 The unconventional neutrino histories described in §V can alter
this expectation.



¿How are related the photon and the neutrino temperatures? 

•Electron positron annihilation takes place AFTER neutrino decoupling. 

•In an expanding universe the entropy density per comoving volume is conserved: 

•Boson’s entropy contribution: 

•Fermion’s entropy contribution:  

s ⌘ ⇢+ p

T

2⇡2T 3/45

7/8⇥ 2⇡2T 3/45

•Before electron/positron annihilation= electrons (g=2),  
positrons (g=2), neutrinos (3), antineutrinos (3)  and photons (g=2) therefore: 

•After, only neutrinos, antineutrinos and photons but at different temperature!

s(a2) = 2⇡2/45(2T 3
� + 7/8(3 + 3)T 3

⌫ )

s(a1) = 2⇡2T 3
1 /45(2 + 7/8(2 + 2 + 3 + 3))

s(a1)a
3
1 = s(a2)a

3
2 a1T1 = a2T⌫

✓
T⌫

T�

◆
=

✓
4
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Particle decoupling in the early universe: Neutrinos



1. NEUTRINO DECOUPLING IN THE EARLY UNIVERSE ✓  

2. COSMOLOGY & Neff 

3. COSMOLOGY & NEUTRINO MASSES 

4. HIGH ENERGY NEUTRINOS 



⌦rh2 =
⇣
1 + 7

8

�
4
11

�4/3
Ne↵

⌘
⌦�h2
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The total radiation in the universe can be written as: 

Neff = 3.0440 ± 0.0002 standard scenario: electron, muon and tau neutrinos

Neff < 3.044 (less neutrinos): Neutrino decays ?

Neff > 3.044 (more neutrinos): Sterile neutrino species ?

But….if they are sterile, and 
do not interact with other 
particles, how 
cosmologists measure them? 

That’s the dark side of the 
GRAVITATIONAL 
FORCE…

Number of neutrinos: Neff 

Bennett et al, 2012.02726



All particle species behave as ideal gases 


(ideal gas approximation)

The neutrino decoupling process is localised atT=Tν=Td       

the neutrino and QED sectors transit from a state of tight thermal 
contact to a state of zero thermal contact at the  neutrino decoupling 
temperature


(instantaneous decoupling approximation)


The electron/positron sector is fully ultra-relativistic at the time of 
neutrino decoupling 


Td/me→∞(ultra-relativistic approximation)

Bennett et al, 1911.04504



24

Bennett et al, 2012.02726

The ultra relativistic approximation:


is not well satisfied in reality!

The breakdown of this approximation also constitutes the largest 
correction to Neff = 3

Td/me ! 1

There will be a change in the QED plasma entropy density 

•Physically, a non-zero δNeff  arising from relaxing the ultra relativistic 
approximation implies that electron-positron annihilation is not a temporally localised 
event at T∼0.5 MeV.



From Y. Wong

Modified QED Equation of State 

All particle species behave as ideal gases 


(ideal gas approximation)
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Bennett et al, 1911.04504

Diagrammatic expression for the O( ) and O( ) corrections to the finite-temperature QED partition function. e2 e3

At each order n:

At zero-th order the pressure and energy density are:
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Bennett et al, 1911.04504

FTQED corrections to the 4-Fermi contact interaction describing neutrino-electron scattering at leading order:

Modifications of the dispersion relation

Vertex corrections

Emission or absorption

Closed fermion loops



Neutrino decoupling and electron/positron annihilations are processes 
quite close in time.
None of these two events are localised in time!
There are relic interactions between electrons, positrons and 
neutrinos at cosmological temperatures smaller than 1MeV
These processes are more efficient for neutrinos with larger 
momenta, leading to non-thermal distortions in the neutrino spectra 
at the percent level and a slightly smaller increase of the comoving 
photon temperature.

de Salas & Pastor, JCAP’16, Mangano et al NPB’05, Mangano et al, PLB’02



From S. Pastor
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Bennett et al, 2012.02726

10-4 Uncertainty due to measurement errors on the solar mixing angle

Mass splittings Mixing angles



They do not inherit any of the energy associated to e+ e-  annihilations, 
being colder than photons:

If these neutrinos are massive, their energy density, at T<<m is 

Then, demanding that massive neutrinos do not over-close the universe,
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2 FERMILAB–Pub–04/379–T

As a Gedankenexperiment, the prospect of cosmic-
neutrino absorption spectroscopy has great clarity and
appeal. Reality is more complicated, and it is our
purpose—building on earlier work—to analyze all the im-
portant e!ects that will influence the execution and in-
terpretation of neutrino-absorption experiments. We are
encouraged in this e!ort by the imminent construction
and operation of neutrino observatories and by imagi-
native e!orts to develop new techniques to detect super-
high-energy neutrinos. A novel aspect of the analysis pre-
sented here is our attention to the thermal motion of the
relics. We also raise the possibility that cosmic-neutrino
absorption spectroscopy might open a new vista on the
thermal history of the universe, as well as extending or
validating our understanding of neutrino properties.

In the body of this introductory section, we develop the
pieces that enter the analysis of neutrino absorption spec-
tra: our expectations for the relic neutrino background
now and in the past, details of the annihilation cross sec-
tion, and possible sources of extremely energetic cosmic
neutrinos. We also survey experiments that aim to de-
tect ultrahigh-energy neutrinos. In §II, we describe the
idealized situation of a super-high-energy neutrino beam
incident on a (very long) uniform column of relic neutri-
nos at today’s density, but with negligible temperature.
We describe the information that could be extracted from
absorption dips, assuming perfect energy resolution and
flavor tagging.

The extremely long interaction length for neutrinos
traversing the relic background means that we must inte-
grate over cosmic time, or redshift, and this takes up §III.
There we discuss the mechanisms that distort absorption
lines and how the distortions compromise the dream of
determining the absolute neutrino masses. We also re-
mark on the sensitivity of the line-shape to the thermal
history of the Universe.

We include Fermi motion due to the relic-neutrino
temperature—which evolves with redshift—in §IV. The
mean relic-neutrino momentum at the present epoch acts
as a rough lower bound on the e!ective target mass. Sec-
tion V is devoted to the implications of unconventional
neutrino histories, including neutrino decay and the con-
sequences of a lepton asymmetry in the early Universe.
We summarize what we have learned, and assess the
prospects for experimental realization of these ideas in
§VI. Looking forward to the experiments, we consider
how external information could enhance the potential
of cosmic-neutrino absorption spectroscopy, and we es-
timate the sensitivity required to make the technique a
reality.

B. Character of the Relic Neutrino Background

The cosmic microwave background is characterized by
a Bose–Einstein blackbody distribution of photons (per

unit volume)4

dn!(T )

d3p
=

1

(2!)3
1

exp (p/T )! 1
, (1)

where p is the relic momentum and T is the temperature
of the photon ensemble. The number density of photons
throughout the Universe is
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!
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exp (p/T ) ! 1
=

2"(3)
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T 3, (2)

where "(3) " 1.20205 is Riemann’s zeta function. In
the present Universe, with a photon temperature T0 =
(2.725 ± 0.002) K [8], the photon density is

n!0 # n!(T0) " 410 cm!3 . (3)

The present photon density provides a reference for
other big-bang relics. The essential observation is that
neutrinos decoupled when the cosmic soup cooled to
around 1 MeV, so did not share in the energy released
when electrons and positrons annihilated at T " me,
the electron mass. Applying entropy conservation and
counting interacting degrees of freedom, it follows that
the ratio of neutrino and photon temperatures (below
me) is

T"/T =
"

4
11

#1/3
, (4)

so that the present neutrino temperature is

T"0 =
"

4
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T0 = 1.945 K ! 1.697$ 10!4 eV . (5)

The momentum distribution of relic neutrinos follows
the Fermi–Dirac distribution (with zero chemical poten-
tial),
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=
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The number distribution of relic neutrinos is therefore
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exp (p/T") + 1

=
3"(3)
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= 3
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In the present Universe, the number density of each (ac-
tive) neutrino species is 5

n"i0 = n"c

i
0 # n"i

(T"0) " 56 cm!3 , (8)

4 We adopt units such that h̄ = 1 = c, and we will mea-
sure temperature in kelvins or electron volts, as appropriate to
the situation. The conversion factor is Boltzmann’s constant,
k = 8.617343 ! 10!5 eV K!1.

5 The unconventional neutrino histories described in §V can alter
this expectation.

This expression remains valid today.
Equation (4) provides a useful estimate for the temperature of the relic neutrino back-

ground. However, we do expect some small corrections owing to the fact that the processes
of neutrino decoupling and e+e� annihilation occur in close proximity in time and that these
processes are not instantaneous; At the time of e+e� annihilation, some neutrinos, particu-
larly those at the high energy tail of the Fermi–Dirac distribution, are still coupled to the
cosmic plasma and will partake in the reheating process. Thus in general we expect the
neutrino energy density to be a little higher than is implied by the relation (4).

This increase in the neutrino energy density is usually parameterised in terms of an in-
crease in the e↵ective number of neutrino families Ne↵ , defined via

P
i ⇢⌫,i ⌘ Ne↵⇥⇢⌫,0, whereP

i ⇢⌫,i is the total energy density residing in all neutrino species, and ⇢⌫,0 = (7/8)(⇡2/30)gT 4
⌫

denotes the “standard” neutrino energy density per flavour. Evidently, this relation is
uniquely defined only at early times when the neutrinos are still relativistic. Taking also into
account neutrino flavour oscillations and finite temperature QED e↵ects, Ne↵ = 3.046 [6].

2.3 Properties of the relic neutrino background today

Using equation (4) and measurements of the present CMB temperature TCMB,0 = 2.725 ±
0.001 K [7] leads us to expect a relic neutrino background of temperature T⌫,0 = 1.95 K ⇠
10�4 eV. The number density is expected to be 112 cm�3 per flavour from equation (2).

The exact energy density per flavour depends on whether the neutrinos are relativistic or
nonrelativistic today. The neutrinos are relativistic if m⌫ ⌧ T⌫,0, in which case their energy
density per flavour is ⇢⌫ = (7/8)(4/11)4/3⇢CMB. Normalised to the present-day critical density
⇢crit,0 = 3H2

0/8⇡G, where H0 = 100 h is the present Hubble parameter and G Newton’s
constant, we find ⌦⌫h2 ⌘ (⇢⌫,0/⇢crit,0)h2 = 6⇥ 10�6. In other words, the energy density due
to relativistic neutrinos today is completely negligible.

However, if m⌫ � T⌫,0, then the energy density per flavour is ⇢⌫ = m⌫n⌫ , or, equivalently,

⌦⌫h
2 ' m⌫

93 eV
. (5)

Thus, even for a neutrino mass as small as m⌫ = 0.05 eV, we expect to find a non-negligible
⌦⌫ ⇠ 0.1%; These neutrinos then form a dark matter component in the universe. By de-
manding that massive neutrinos not overclose the universe, i.e., ⌦⌫ < 1, one can immediately
set an upper bound on the sum of the neutrino masses,

P
m⌫ < 93 eV [8, 9]. Historically

this is first upper bound on the neutrino mass from cosmology and is sometimes known as
the “closure” bound.

3 Linear cosmological perturbations

Neutrino dark matter satisfying the closure bound cannot constitute all of the dark matter
content of the universe because thermal relics that decouple when relativistic come with a
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As a Gedankenexperiment, the prospect of cosmic-
neutrino absorption spectroscopy has great clarity and
appeal. Reality is more complicated, and it is our
purpose—building on earlier work—to analyze all the im-
portant e!ects that will influence the execution and in-
terpretation of neutrino-absorption experiments. We are
encouraged in this e!ort by the imminent construction
and operation of neutrino observatories and by imagi-
native e!orts to develop new techniques to detect super-
high-energy neutrinos. A novel aspect of the analysis pre-
sented here is our attention to the thermal motion of the
relics. We also raise the possibility that cosmic-neutrino
absorption spectroscopy might open a new vista on the
thermal history of the universe, as well as extending or
validating our understanding of neutrino properties.

In the body of this introductory section, we develop the
pieces that enter the analysis of neutrino absorption spec-
tra: our expectations for the relic neutrino background
now and in the past, details of the annihilation cross sec-
tion, and possible sources of extremely energetic cosmic
neutrinos. We also survey experiments that aim to de-
tect ultrahigh-energy neutrinos. In §II, we describe the
idealized situation of a super-high-energy neutrino beam
incident on a (very long) uniform column of relic neutri-
nos at today’s density, but with negligible temperature.
We describe the information that could be extracted from
absorption dips, assuming perfect energy resolution and
flavor tagging.

The extremely long interaction length for neutrinos
traversing the relic background means that we must inte-
grate over cosmic time, or redshift, and this takes up §III.
There we discuss the mechanisms that distort absorption
lines and how the distortions compromise the dream of
determining the absolute neutrino masses. We also re-
mark on the sensitivity of the line-shape to the thermal
history of the Universe.

We include Fermi motion due to the relic-neutrino
temperature—which evolves with redshift—in §IV. The
mean relic-neutrino momentum at the present epoch acts
as a rough lower bound on the e!ective target mass. Sec-
tion V is devoted to the implications of unconventional
neutrino histories, including neutrino decay and the con-
sequences of a lepton asymmetry in the early Universe.
We summarize what we have learned, and assess the
prospects for experimental realization of these ideas in
§VI. Looking forward to the experiments, we consider
how external information could enhance the potential
of cosmic-neutrino absorption spectroscopy, and we es-
timate the sensitivity required to make the technique a
reality.

B. Character of the Relic Neutrino Background

The cosmic microwave background is characterized by
a Bose–Einstein blackbody distribution of photons (per

unit volume)4
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where "(3) " 1.20205 is Riemann’s zeta function. In
the present Universe, with a photon temperature T0 =
(2.725 ± 0.002) K [8], the photon density is

n!0 # n!(T0) " 410 cm!3 . (3)

The present photon density provides a reference for
other big-bang relics. The essential observation is that
neutrinos decoupled when the cosmic soup cooled to
around 1 MeV, so did not share in the energy released
when electrons and positrons annihilated at T " me,
the electron mass. Applying entropy conservation and
counting interacting degrees of freedom, it follows that
the ratio of neutrino and photon temperatures (below
me) is
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so that the present neutrino temperature is
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The momentum distribution of relic neutrinos follows
the Fermi–Dirac distribution (with zero chemical poten-
tial),
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The number distribution of relic neutrinos is therefore
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In the present Universe, the number density of each (ac-
tive) neutrino species is 5

n"i0 = n"c

i
0 # n"i

(T"0) " 56 cm!3 , (8)

4 We adopt units such that h̄ = 1 = c, and we will mea-
sure temperature in kelvins or electron volts, as appropriate to
the situation. The conversion factor is Boltzmann’s constant,
k = 8.617343 ! 10!5 eV K!1.

5 The unconventional neutrino histories described in §V can alter
this expectation.

⌦⌫h
2 =

P
m⌫

93 eV

X
m⌫ . 45 eV

Exercise 1



They do not inherit any of the energy associated to e+ e-  annihilations, 
being colder than photons:

If these neutrinos are massive, their energy density, at T<<m is 

Then, demanding that massive neutrinos do not over-close the universe,

Their thermal motion is:
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Too much thermal energy to be squeezed into small volumes 
to form the smaller structures we observe today!
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0/8⇡G, where H0 = 100 h is the present Hubble parameter and G Newton’s
constant, we find ⌦⌫h2 ⌘ (⇢⌫,0/⇢crit,0)h2 = 6⇥ 10�6. In other words, the energy density due
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Thus, even for a neutrino mass as small as m⌫ = 0.05 eV, we expect to find a non-negligible
⌦⌫ ⇠ 0.1%; These neutrinos then form a dark matter component in the universe. By de-
manding that massive neutrinos not overclose the universe, i.e., ⌦⌫ < 1, one can immediately
set an upper bound on the sum of the neutrino masses,
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⌦⌫h
2 =

P
m⌫

93 eV

For a 1 eV neutrino, thermal motion is 

comparable to the typical velocity dispersion of a galaxy. 


For dwarf galaxies, 

the velocity dispersion is smaller, 10 km/s 


νννννννννννννννννννν

X
m⌫ . 45 eV

⟨pν⟩
mν

≃ 150(1 + z)( eV
mν ) km/s



According to neutrino oscillation physics,  we know that there are at least two Dirac or 
Majorana massive neutrinos:  
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FIG. 2: The range of probability of finding the !-flavor in the i-th mass eigenstate as indicated as the CP-violating phase, ",
is varied. The bottom of the bars is for the minimum allowed value of cos " = !1 and the top of the bars is for the maximum
value of cos " = 1. The other mixing parameters are held fixed: sin2 #12 = 0.30, sin2 #13 = 0.03 and sin2 #23 = 0.50. The
maximum to minimum variation of the fractional flavor content of µ or $ in mass eigenstates 1 or 2 is very close to sin #13. The
only parameter in the PMNS mixing matrix this figure is not sensitive to is the sign of sin ".

An extremely useful way to understand the meaning of
the various mixing angles is to relate them to the proba-
bility of finding the !-flavor in the i-th mass eigenstate.
This probability is given by the absolute square of the
PMNS matrix elements, |U!i|2. Thus the probability of
finding "e in the 3-th neutrino mass eigenstate is just
sin2 #13 which is known from the Chooz data to be no
larger than a few per cent (< 3%). Similarly the proba-
bility of finding "µ ("" ) in the 3-th mass eigenstate is just
cos2 #13 sin2 #23 ! sin2 #23 (cos2 #13 cos2 #23 ! cos2 #23)
since cos2 #13 is very close to unity. Also the probabil-
ity of finding the "e in the 2-th mass eigenstate is just
cos2 #13 sin2 #12 ! sin2 #12. Since the 8B solar neutrinos
exit the sun as nearly a pure "2 neutrino mass eigenstate,
due to matter e!ects[14], the measurement of the Charge
Current to Neutral Current (CC/NC) ratio by SNO is a
direct measurement of sin2 #12 up to small corrections.

In general the probability of finding the !-flavor in the
i-th mass eigenstate, P#(!, i) is given by

P#(!, i) = |U!i|
2 ! (9)

!
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23c
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where K = 1

2
sin 2#12 sin 2#23 (! 1

2
) and terms of order

sin2 #13 have been dropped except in the (e,3) component
which otherwise would be zero. Note, that up to this
order the sum of each row and each column of this prob-

ability matrix adds up to one as required by unitarity.
The probabilities (µ,1), (µ,2), (% ,1) and (% ,2) all depend
linearly on sin #13 cos $ whose sign is determined by cos $
and the magnitude can be quite significant compared to
the terms independent of sin #13 in these probabilities.

Translating the mixing angle information reported by
the experiments into ranges of probability of finding the
!-flavor in the i-th mass eigenstate we obtain

0.25 < sin2 #12
#= P#(e, 2) < 0.33

0.35 < sin2 #23
#= P#(µ, 3) < 0.65 (10)

sin2 #13 $ P#(e, 3) < 0.03

at the 90% confidence level. Clearly, using the proba-
bility metric, i.e. sin2 #, our current information of the
solar mixing is significantly better than that of the at-
mospheric mixing. This occurs because sin2 2# is a poor
measure of sin2 # near sin2 # = 1

2
. Eqn(9) and (10) can

be used to calculate the ranges for all the other the prob-
abilities with the unknown cos $ varying from -1 to +1.

In the past, the central value of all of these probabilities
has been presented in a bar graph with a separate hor-
izontal bar for each neutrino mass eigenstate with color
and/or shading coding for each of the neutrino flavors.
This is a very useful pictorial way of presenting all of the
neutrino mixing data with a physical interpretation. In
this letter we extend this diagram to include the range
of possible probabilities allowed by the data. To do this
we make use of the thickness of the bars so that the bot-
tom of the bar represents the minimum allowed value

(Mena,Parke, PRD’04)

Δm2
12 = (6.94 − 8.14) × 10−5eV2

Δm2
13 = (2.47 − 2.63) × 10−3eV2

Δm2
13 = − (2.37 − 2.53) × 10−3eV2

(de Salas et al, JHEP’21)
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Δm2
12 = (6.94 − 8.14) × 10−5eV2

Δm2
13 = (2.47 − 2.63) × 10−3eV2

Δm2
13 = − (2.37 − 2.53) × 10−3eV2

(de Salas et al, JHEP’21)

We are sure then that two neutrinos have a mass above:  

and that at least one of these neutrinos has a mass larger than

q
�m2

12 ' 0.008 eV

q
|�m2

13| ' 0.05 eV
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Our ( CDM) universe todayΛ

Dark energy 70%

Dark matter 25%

Stars 0.5%

Hidrogen & Helium 
4%

 Heavy elements 0.03%

0.1 %≲ Neutrinos ≲0.3%

 Cosmic Microwave Background 0.001%

?

https://www.google.com/imgres?imgurl=https%3A%2F%2Fimg.purch.com%2Frc%2F300x200%2FaHR0cDovL3d3dy5zcGFjZS5jb20vaW1hZ2VzL2kvMDAwLzAwMC8xMjYvb3JpZ2luYWwvY2hpbGUtZWFydGhxdWFrZS1lYXJ0aC1kYXlzMi0xMDAzMDItMDIuanBn&imgrefurl=https%3A%2F%2Fwww.space.com%2F54-earth-history-composition-and-atmosphere.html&docid=Pwd-8dnndtvvyM&tbnid=QE8JV78Ojxx4CM%3A&vet=10ahUKEwiRib3Zte3bAhVi6YMKHablDp4QMwgyKAAwAA..i&w=300&h=200&client=firefox-b-ab&bih=700&biw=1571&q=earth%20planet&ved=0ahUKEwiRib3Zte3bAhVi6YMKHablDp4QMwgyKAAwAA&iact=mrc&uact=8
https://www.google.com/imgres?imgurl=https%3A%2F%2Fwww.nationalgeographic.com%2Fcontent%2Fdam%2Fscience%2Fphotos%2F000%2F012%2F1230.ngsversion.1488483024625.adapt.1900.1.jpg&imgrefurl=https%3A%2F%2Fwww.nationalgeographic.com%2Fscience%2Fspace%2Funiverse%2Fstars%2F&docid=6aSwre4su3YNUM&tbnid=Z1PlzD7bv00CCM%3A&vet=10ahUKEwj7vb3yte3bAhUOiIMKHe_4Bb0QMwg7KAQwBA..i&w=1900&h=1425&client=firefox-b-ab&bih=700&biw=1571&q=stars&ved=0ahUKEwj7vb3yte3bAhUOiIMKHe_4Bb0QMwg7KAQwBA&iact=mrc&uact=8
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Event Time Redshift Temperature

Baryogenesis ? ? ?

EW phase transition 2⇥ 10�11
s 1015 100GeV

QCD phase transition 2⇥ 10�5
s 1012 150MeV

Neutrino decoupling 1s 6⇥ 109 1MeV

Electron-positron annihilation 6s 2⇥ 109 500keV

Big bang nucleosynthesis 3min 4⇥ 108 100keV

Matter-radiation equality 6⇥ 104yrs 3400 .75eV

Recombination 2.6� 3.8⇥ 105yrs 1100-1400 .26� .33eV

CMB 3.8⇥ 105yrs 1100 .26eV

Baryogenesis: As we discussed in lecture 5, there is an asymmetry between baryons and
anti-baryons that cannot be explained by the standard model of particle physics. Thus at
energies above 1TeV there must be some new physics that generates this asymmetry. While
there are many di↵erent theoretical ideas, there is no experimental test of any of these so
we cannot associate a time to baryogenesis. Since the observed universe is neutral under the
electric charge, there must be a similar asymmetry between electrons and positrons so that
after their annihilation we are left with one electron for each proton.

Electroweak-phase transition: During this phase transition that we discussed last time,
the particles get their mass due to the so called Higgs e↵ect. Once the standard model
particles are massive they start to drop out of equilibrium whenever the temperature of the
universe (i.e. the thermal bath) becomes smaller than their mass. Then the particles start
to annihilate with their anti-particles and their number densities decrease exponentially.
The remaining matter in our observed universe is due to the matter-anti-matter asymmetry
mentioned above.

QCD phase transition: The strong force is weaker at higher energies (temperatures)
and becomes stronger and stronger during the cooling of the universe. Around 150MeV the
strong force is so strong that free gluons and quarks cannot exist anymore and all the quarks
are bound into so called baryons and mesons. These are bound states that are neutral under
the strong force. The lightest baryons are the familiar proton and neutron. There are also
heavier baryons and mesons that can be lighter than the proton and neutron but all of these
are unstable and quickly decay. So a little bit after the QCD phase transition we are left
with essentially only protons and neutrons that are the building blocks for the atomic nuclei.

Neutrino decoupling: As we discussed today, at around 1MeV the weak interaction
becomes so weak that particles that are only charged under the weak force, i.e. the neutrinos,
decouple from the thermal plasma. These neutrinos, similarly to the photons in the CMB,
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Big Bang Nucleosynthesis



BBN theory predicts the abundances of D, 3He, 4He and 7Li which are 
fixed by t≃180 s. They are observed at late times: low metallicity sites 
with little evolution are “ideal”. 

High z QSO absorption lines.
Destroyed in stars.

Low metallicity extragalactic HII regions.
Produced in stars.

Metal poor stars in our galaxy.
Destroyed in stars and produced by 
galactic cosmic ray interactions.

Solar system and high metallicity HII 
galactic regions. 
3He not used for cosmological constraints.
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P.A. Zyla et al. (Particle Data Group), 
Prog. Theor. Exp. Phys. 2020, 083C01 (2020).

Valerie Domcke’s lecture

https://pdg.lbl.gov/2020/html/authors_2020.html
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•Relativistic particles in equilibrium: photons, electrons and positrons (e+e-↔ 𝛾𝛾) 
•Decoupled relativistic particles: neutrinos  
•Non-relativistic particles (baryons): 

⌘b ⌘
nb

n�
= 5.5⇥ 10�10

✓
⌦bh2

0.020

◆•There are way less baryons than photons! 

Nuclear binding energies are of a few MeV, that’s why BBN occurs when the temperature 
of the universe is around 1 MeV, being the universe made of:

•Neutrons and protons interact via weak interactions: 

•Light elements are formed via nuclear interactions:

p+ ⌫̄ $ n+ e+ p+ e� $ n+ ⌫ n $ p+ e� + ⌫̄

p+ n !D+� D +D ! n+ 3
He

3
He+D ! p+ 4

He

• In the following, we will assume that: 
•We neglect elements heavier than Helium/Lithium. 
•At temperatures above 0.1 MeV only free protons and neutrons exist (at higher 
temperatures, any time a nucleus is formed, it is destroyed by a high-energy photon)

Big Bang Nucleosynthesis (BBN)
Valerie Domcke’s lecture



 Neff changes the freeze out temperature of weak interactions:

Yp =
2(n/p)

1 + n/p

�n$p ⇠ H
MORE NEUTRINOS:


Higher Neff: larger expansion rate & freeze out temperature, MORE HELIUM 4

n/p ' e
�mn�mp

Tfreeze
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Ne↵ = 2

Ne↵ = 3

Ne↵ = 4
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we cannot associate a time to baryogenesis. Since the observed universe is neutral under the
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after their annihilation we are left with one electron for each proton.
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the particles get their mass due to the so called Higgs e↵ect. Once the standard model
particles are massive they start to drop out of equilibrium whenever the temperature of the
universe (i.e. the thermal bath) becomes smaller than their mass. Then the particles start
to annihilate with their anti-particles and their number densities decrease exponentially.
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mentioned above.
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and becomes stronger and stronger during the cooling of the universe. Around 150MeV the
strong force is so strong that free gluons and quarks cannot exist anymore and all the quarks
are bound into so called baryons and mesons. These are bound states that are neutral under
the strong force. The lightest baryons are the familiar proton and neutron. There are also
heavier baryons and mesons that can be lighter than the proton and neutron but all of these
are unstable and quickly decay. So a little bit after the QCD phase transition we are left
with essentially only protons and neutrons that are the building blocks for the atomic nuclei.

Neutrino decoupling: As we discussed today, at around 1MeV the weak interaction
becomes so weak that particles that are only charged under the weak force, i.e. the neutrinos,
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we cannot associate a time to baryogenesis. Since the observed universe is neutral under the
electric charge, there must be a similar asymmetry between electrons and positrons so that
after their annihilation we are left with one electron for each proton.

Electroweak-phase transition: During this phase transition that we discussed last time,
the particles get their mass due to the so called Higgs e↵ect. Once the standard model
particles are massive they start to drop out of equilibrium whenever the temperature of the
universe (i.e. the thermal bath) becomes smaller than their mass. Then the particles start
to annihilate with their anti-particles and their number densities decrease exponentially.
The remaining matter in our observed universe is due to the matter-anti-matter asymmetry
mentioned above.

QCD phase transition: The strong force is weaker at higher energies (temperatures)
and becomes stronger and stronger during the cooling of the universe. Around 150MeV the
strong force is so strong that free gluons and quarks cannot exist anymore and all the quarks
are bound into so called baryons and mesons. These are bound states that are neutral under
the strong force. The lightest baryons are the familiar proton and neutron. There are also
heavier baryons and mesons that can be lighter than the proton and neutron but all of these
are unstable and quickly decay. So a little bit after the QCD phase transition we are left
with essentially only protons and neutrons that are the building blocks for the atomic nuclei.

Neutrino decoupling: As we discussed today, at around 1MeV the weak interaction
becomes so weak that particles that are only charged under the weak force, i.e. the neutrinos,
decouple from the thermal plasma. These neutrinos, similarly to the photons in the CMB,
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Also known as “photon decoupling”, as photons started freely travel 

through the universe without interacting with matter and the CMB is 
“frozen”



Cosmic Background Radiation: Neff 
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CMB: Neff  

` = 2 + 3 + ...
` = ...+ 5 + .... ` = ...+ 20 + ....

` = ...+ 50 + ....
` = ...+ 100 + ....

=

` = ...+ 500 + ....

Fabio Finelli’s lectures 
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CMB: Neff  
Spherical harmonics decomposition: With expansion coefficients:

The angular power spectrum measures the amplitude of the expansion coefficients as a 
function of the wavelength:

Fabio Finelli’s lectures 



  

 

     

CMB: a lot to learn about….

Initial conditions

Geometry


mν 

Baryonmeter
 Diffusion 

Neff

Fabio Finelli’s lectures 



Neff= 3 

Neff= 6 

CMB: Neff  

Elementary, my dear Watson! 

Ne↵ = 3

Ne↵ = 6



(!b,!m, h, As, ns, ⌧,Ne↵)

Only effect at l<1000 that can not be mimicked by others:  anisotropic stress, around 3rd peak

CMB: Neff  
Ne↵ = 6 Ne↵ = 3 Ne↵ = 6

It is elementary, Sherlock Holmes!

Neutrinos are free-streaming particles propagating at the speed of light, faster than the sound speed in 
the photon fluid, suppressing the oscillation amplitude of CMB modes that entered the horizon in the 

radiation epoch.



Higher Neff will increase the expansion rate AND 
the damping at high multipoles.

                                                

3

di↵usion distance at recombination is

r
2
d
= ⇡

2

Z
a⇤

0

da

a3�TneH


R

2 + 16
15 (1 +R)

6(1 +R2)

�
(1)

where ne is the number density of free electrons, �T is the
Thompson cross-section, a⇤ is the scale factor at recombi-
nation (defined below) and the factor in square brackets
is due to the directional and polarization dependence of
Thompson scattering [28, 29]. Although Eq. 1 is only an
approximation to the di↵usion length, it allows an an-
alytic understanding of the dependence of this di↵usion
length on model parameters [21].

If we approximate a⇤ as independent of H, then rd /
H

�0.5. This is as expected for a random walk process:
the distance increases as the square root of time. In-
creasing H (which happens when we increase Ne↵) leads
to smaller rd which would decrease the amount of damp-
ing. Why do we see, in Fig. 1, the damping increase as
Ne↵ increases?

The answer has to do with how rs and DA change to
keep ✓s fixed despite the increased expansion rate. The
comoving sound horizon is given by

rs =

Z
t⇤

0
cs dt/a =

Z
a⇤

0

cs da

a2H
. (2)

Since rs / 1/H, it responds even more rapidly to changes
in H than is the case for rd. To keep ✓s fixed at the
observed value, DA must also scale as 1/H. Since DA

decreases by more than would be necessary to keep ✓d

fixed, ✓d increases which means the damping is increased.
To look at it another way, if we knew DA perfectly,

we could use rs to determine H prior to recombination.
But we do not know DA, largely because we do not know
the value of the cosmological constant, or more generally
the density of the dark energy as a function of the scale
factor. Instead, we can use the two scales together to
form a ratio that is sensitive to H, with no dependence
on DA: ✓d/✓s = rd/rs / H

0.5.
Does this explanation hold together quantitatively? To

demonstrate that what we are seeing in the power spec-
trum actually is increased Silk damping (at fixed ✓s) we
experiment with also fixing ✓d as Ne↵ increases. The
bottom panel of Fig. 1 shows how the angular power
spectrum responds to the same variations in Ne↵ , only
now taken at constant ✓d as well. When we remove the
✓d variation, the impact of the Ne↵ variation almost en-
tirely disappears. We conclude that the variations we
are seeing in the top panel are indeed due to the impact
of Ne↵ on the amount of Silk damping. A very similar
demonstration was provided by [22].

To keep ✓d fixed as Ne↵ varies, we varied a parameter
whose sole impact is on the number density of electrons:
the primordial fraction of baryonic mass in Helium, YP.
Even as early as times when 99% of the photons have yet
to last scatter, Helium, with its greater binding energy
than Hydrogen, is almost entirely neutral. Thus ne =
Xe(np + nH) = Xenb(1 � YP) where the first equality

FIG. 1: Top panel: WMAP and SPT power spectrum mea-
surements, and theoretical power spectra normalized at ` =
200. The black (central) curve is for the best-fit ⇤CDM+Ne↵

model assuming BBN consistency. The other model curves
are for Ne↵ varying from 2 to 6 with ⇢b, ✓s, and zEQ held
fixed. Larger Ne↵ corresponds to lower power. Central panel:
Same as above except normalized at ` = 400 where the ISW
contribution is negligible. We see most of the variation re-
mains. Bottom panel: The same as the central panel except
we vary YP to keep ✓d fixed. The lack of scatter in these spec-
tra compared to those in the middle panel demonstrates that
the e↵ect of Ne↵ on small-scale data is largely captured by its
impact on the damping scale. We can also begin to see more
subtle e↵ects of the neutrinos, most noticeably a phase shift
in the acoustic oscillations [22].

defines Xe and we have kept nb (and thus ⇢b) fixed. The
limit of integration in the above equations for rs and rd

is only slightly a↵ected by changing YP and thus rs is
largely una↵ected. However, the damping length scales
with YP as rd / (1� YP)�0.5.
From our analysis one finds that rd/rs / (1 +

f⌫)0.25/
p
1� YP where f⌫ ⌘ ⇢⌫/⇢� is proportional to

Ne↵ . The first factor arises because increasing H at fixed
zEQ meansH2 / (1+f⌫). Thus asNe↵ is varied, we know
how to change YP to keep rd/rs (and hence ✓d/✓s) fixed.

(Hou et al, PRD’13)

@Cosmic Microwave Background in the damping tail, measured by SPT, ACT & Planck:

CMB: Neff  

r2
d
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R
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da
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CMB: Neff  

BBN+ CMB 
Astronomical measurements
CMB He determinations



PlanckPl

• Planck 2018 CMB temperature polarization and lensing potential data:


• If we add large scale structure information in the BAO shape form:


• Perfectly consistent with BBN estimates: 

Neff  

Planck Collaboration: Cosmological parameters
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Planck TT,TE,EE+lowE

Planck TT,TE,EE+lowE+BAO+lensing

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.

with the !b-only error between parentheses, followed by the to-
tal error including the theoretical uncertainty. These results are in
agreement with the Cooke et al. (2018) measurement to within
0.8�, 1.4�, and 1.7�, respectively. Thus no significant tensions
are found in any of these cases.

Nuclear rates from bounds from Planck. The previous para-
graphs highlighted the importance of assumptions on the
radiative-capture process d(p, �)3He for deuterium abundance
predictions. It is worth checking whether the comparison of
CMB and deuterium abundance data provides an indirect esti-
mate of this rate. This approach was suggested in Cooke et al.
(2014) and implemented in Di Valentino et al. (2014) and
PCP15. We can now update it using the latest Planck and deu-
terium data.

We parameterize the thermal rate R2(T ) of the d(p, �)3He
process in the PArthENoPE code by rescaling the rate R

ex
2 (T ) fit-

ted to experimental data by Adelberger et al. (2011) with a factor
A2:

R2(T ) = A2 R
ex
2 (T ) . (74)

This factor does not account in an exact way for the di↵erences
between the experimental fit and the theoretical predictions; it
should instead be seen as a consistency parameter, very much
like AL for CMB lensing in Sect. 6.2. The rate R

th
2 (T ) predicted

by Marcucci et al. (2005) has a temperature dependance that is
close to what is measured experimentally, and can be very well
approximated by a rescaling factor A2 = 1.055. The new theo-
retical rate obtained by Marcucci et al. (2016) has a slightly dif-
ferent temperature dependence but is well approximated by an

e↵ective rescaling factor A
th
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), (75a)

A2 = 1.080 ± 0.061 (68 %, Planck TT,TE,EE
+lowE+D). (75b)

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);

(76)

(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).

(77)

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).

(78)
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CMB-S4 Science Case, Reference Design, and Project Plan, 1907.04473

�Ne↵ < 0.06 95%CL
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Green, Meyers & van Engelen, JCAP’17



HANDS-ON SESSION (I)  (OPTIONAL!!!)

• PLEASE GO TO THE WEB PAGE:

• RUN THE CODE ALTER_NEUTRINOS WITH THE TWO REQUIRED PARAMETERS 

   Neff ΔNeff

• FIX  to 3.046 and change slightly  from 0. to 1.  Neff ΔNeff

https://alterbbn.hepforge.org/manuals/alterbbn2.2.pdf

https://alterbbn.hepforge.org/

•DOWNLOAD THE CODE AND FOLLOW THE MANUAL TO INSTALL IT AND RUN IT:

WHICH MODELS ARE EXCLUDED BY BBN OBSERVATIONS? WHY?

https://alterbbn.hepforge.org/manuals/alterbbn2.2.pdf
https://alterbbn.hepforge.org/


1. NEUTRINO DECOUPLING IN THE EARLY UNIVERSE ✓ 

2. COSMOLOGY & Neff ✓ 

3. COSMOLOGY & NEUTRINO MASSES 

4. HIGH ENERGY NEUTRINOS 



Cosmic Background Radiation: mν  



Event Time Redshift Temperature

Baryogenesis ? ? ?

EW phase transition 2⇥ 10�11
s 1015 100GeV

QCD phase transition 2⇥ 10�5
s 1012 150MeV

Neutrino decoupling 1s 6⇥ 109 1MeV

Electron-positron annihilation 6s 2⇥ 109 500keV

Big bang nucleosynthesis 3min 4⇥ 108 100keV

Matter-radiation equality 6⇥ 104yrs 3400 .75eV

Recombination 2.6� 3.8⇥ 105yrs 1100-1400 .26� .33eV

CMB 3.8⇥ 105yrs 1100 .26eV

Baryogenesis: As we discussed in lecture 5, there is an asymmetry between baryons and
anti-baryons that cannot be explained by the standard model of particle physics. Thus at
energies above 1TeV there must be some new physics that generates this asymmetry. While
there are many di↵erent theoretical ideas, there is no experimental test of any of these so
we cannot associate a time to baryogenesis. Since the observed universe is neutral under the
electric charge, there must be a similar asymmetry between electrons and positrons so that
after their annihilation we are left with one electron for each proton.

Electroweak-phase transition: During this phase transition that we discussed last time,
the particles get their mass due to the so called Higgs e↵ect. Once the standard model
particles are massive they start to drop out of equilibrium whenever the temperature of the
universe (i.e. the thermal bath) becomes smaller than their mass. Then the particles start
to annihilate with their anti-particles and their number densities decrease exponentially.
The remaining matter in our observed universe is due to the matter-anti-matter asymmetry
mentioned above.

QCD phase transition: The strong force is weaker at higher energies (temperatures)
and becomes stronger and stronger during the cooling of the universe. Around 150MeV the
strong force is so strong that free gluons and quarks cannot exist anymore and all the quarks
are bound into so called baryons and mesons. These are bound states that are neutral under
the strong force. The lightest baryons are the familiar proton and neutron. There are also
heavier baryons and mesons that can be lighter than the proton and neutron but all of these
are unstable and quickly decay. So a little bit after the QCD phase transition we are left
with essentially only protons and neutrons that are the building blocks for the atomic nuclei.

Neutrino decoupling: As we discussed today, at around 1MeV the weak interaction
becomes so weak that particles that are only charged under the weak force, i.e. the neutrinos,
decouple from the thermal plasma. These neutrinos, similarly to the photons in the CMB,

6

Also known as “photon decoupling”, as photons started freely travel 

through the universe without interacting with matter and the CMB is 
“frozen”

CMB: Σmν  



@ CMB: Early Integrated Sachs Wolfe effect (ISW).

          Shift in the angular position of the peaks.
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ISW

horizontal shift

m⌫ = 2 eV

m⌫ = 1 eV

m⌫ = 0.5 eV

CMB: Σmν  



@ CMB: Early Integrated Sachs Wolfe effect (ISW)


In matter domination, the gravitational potential is constant: NO ISW effect!

The transition from the relativistic to the non relativistic neutrino regime gets imprinted in 
the decays of the gravitational potentials near the recombination period, contributing to 
the ISW effect! 


⇥(n̂) =
�T

T
(n̂) ' ⇥0 + + n̂(v̂e � v) +

Z
 ̇+ �̇ d⌘

This early ISW effect leads to a 
depletion of:


on multipoles:


(Lesgourgues & Pastor, Phys.Rept’06)

�C`

C`
= �(

X
m⌫/0.1 eV)%

20 < ` < 200
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CMB
Matter power spectrum

CMB parameter dependence
Impact of Neff
Impact of M⌫

In neutrinoless ⇤CDM model,

CTT

l
controlled by 8

e↵ects/quantitites:
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SW

ISW

Doppler

total

(C1) Peak location: depends on angle ✓ = ds(⌘LS )/dA(⌘LS )

(C2) Ratio of odd-to-even peaks: gravity-pressure balance in fluid, !b/!�

(C3) Time of equality: amplitude of all peaks (damping during MD), e↵ect
enhanced for 1st peak (early ISW); depends on (1 + zeq)/(1 + zLS )

(C4) Enveloppe of high-l peaks: di↵usion scale and angle ✓ = �d (⌘LS )/dA(⌘LS )

(C5) Global amplitude: As

(C6) Global tilt: ns

(C7) Slope of Sachs-Wolfe plateau (beyond tilt e↵ect): late ISW, z⇤

(C8) Relative amplitude for l � 40 w.r.t l ⌧ 40: optical depth ⌧reio

Julien Lesgourgues neutrino abundance & mass, CMB & P(k)

ISW m⌫ = 2 eV
m⌫ = 1 eV

m⌫ = 0.5 eV

CMB: Σmν  



@ CMB: Early Integrated Sachs Wolfe effect (ISW).

          Shift in the angular position of the peaks.

Strong degeneracy between Σmν  and the Hubble constant H0!

✓s =
rs
DA

The higher the neutrino mass, the lower the angular diameter distance. 

Peaks shift to lower multipoles. But this effect can be compensated 
with a lower Hubble constant:

DA =

Z zrec

0

dz

H(z)
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m⌫ = 2 eV
m⌫ = 1 eV
m⌫ = 0.5 eV

CMB: Σmν  
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Fig. 1.— Comparison of the physical scales as functions of !0h2 and the baryon fraction !b/!0. (a) The
equality scale vs. the sound horizon: keqs/! (unlabeled contours at 0.1 increments). (b) The sound horizon
vs. the Silk scale: kSilks/! (unlabeled contours 2 and 3). The factors of ! have been included to facilitate
comparison with the acoustic scale.

rate (see HS96, Eqn. C8, E2). A fit to the numerical recombination results is

zd = 1291
(!0h2)0.251

1 + 0.659(!0h2)0.828
[1 + b1(!bh

2)b2 ],

b1 = 0.313(!0h
2)!0.419[1 + 0.607(!0h

2)0.674],

b2 = 0.238(!0h
2)0.223, (4)

where we have reduced zd by a factor of 0.96 from HS96 on phenomenological grounds. For !bh2
!< 0.03,

this epoch follows last scattering of the photons.

Prior to zd, small-scale perturbations in the photon-baryon fluid propagate as acoustic waves. The
sound speed is cs = 1/

!

3(1 + R) (in units where the speed of light is unity), where R is the ratio of the
baryon to photon momentum density,

R " 3"b/4"! = 31.5!bh
2"!4

2.7(z/103)!1. (5)

We define the sound horizon at the drag epoch as the comoving distance a wave can travel prior to redshift
zd,

s =

" t(zd)

0
cs (1 + z)dt =

2

3keq

#

6

Req
ln

#
1 + Rd +

!

Rd + Req

1 +
!

Req
, (6)r



Strong degeneracy between Σmν  and the Hubble constant H0!

Planck Collaboration: Cosmological parameters

if we add CMB lensing, since the lensing measurements restrict
the lensing amplitude to values closer to those expected in base
⇤CDM.

The combination of the acoustic scale measured by the CMB
(✓MC) and BAO data is su�cient to largely determine the back-
ground geometry in the ⇤CDM+

P
m⌫ model, since the lower-

redshift BAO data break the geometric degeneracy. Combining
BAO data with the CMB lensing reconstruction power spectrum
(with priors on ⌦bh

2 and ns, following PL2015), the neutrino
mass can also be constrained to be
X

m⌫ < 0.60 eV (95 %, Planck lensing+BAO+✓MC). (61)

This number is consistent with the tighter constraints using the
CMB power spectra, and almost independent of lensing e↵ects
in the CMB spectra; it would hold even if the AL tension dis-
cussed in Sect. 6.2 were interpreted as a sign of unknown resid-
ual systematics. Since the constraint from the CMB power spec-
tra is strongly limited by the geometrical degeneracy, adding
BAO data to the Planck likelihood significantly tightens the neu-
trino mass constraints. Without CMB lensing we find

X
m⌫ < 0.16 eV (95 %, Planck TT+lowE+BAO), (62a)

X
m⌫ < 0.13 eV (95 %, Planck TT,TE,EE+lowE

+BAO), (62b)

and combining with lensing the limits further tighten to

X
m⌫ < 0.13 eV (95 %, Planck TT+lowE+lensing

+BAO), (63a)

X
m⌫ < 0.12 eV (95 %, Planck TT,TE,EE+lowE

+lensing+BAO). (63b)

These combined constraints are almost immune to high-` po-
larization modelling uncertainties, with the CamSpec likelihood
giving the 95 % limit

P
m⌫ < 0.13 eV for Planck TT,TE,EE

+lowE+lensing+BAO.
Adding the Pantheon SNe data marginally tightens the bound

to
P

m⌫ < 0.11 eV (95 %, Planck TT,TE,EE+lowE+lensing
+BAO+Pantheon). In contrast the full DES 1-year data prefer a
slightly lower �8 value than the Planck ⇤CDM best fit, so DES
slightly favours higher neutrino masses, relaxing the bound toP

m⌫ < 0.14 eV (95 %, Planck TT,TE,EE+lowE+lensing+BAO
+DES).

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
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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).

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).

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

 
4

11

!4/3

⇢�. (64)

The standard cosmological model has Ne↵ ⇡ 3.046, slightly
larger than 3 since the three standard model neutrinos were
not completely decoupled at electron-positron annihilation
(Mangano et al. 2002; 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)
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@ CMB: Early Integrated Sachs Wolfe effect (ISW).

          Shift in the angular position of the peaks.
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ISW

horizontal shift
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m⌫ = 1 eV
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Einstein’s relativity predicts that the presence of a massive body will 
curve space time, distorting the light trajectory. The shape of the 
background objects will change/multiplied by the presence of 
intervening galaxies.

 Gravitacional 
Lensing 



Einstein rings: Perfect alignment: Syzygy!

This movie shows a spiral galaxy acting as a lense of a background quasar 

(Quasi-stellar radio source) moving behind the galaxy. When the alignment 

source-lens-observer is perfect, we see the formation of the Einstein ring!



Double Einstein ring! 3 perfectly aligned

galaxies (probably less than 100 cases in all the 

universe, and we have seen one!)


 Gravitacional 
Lensing 



Lensing remaps the CMB fluctuations: 

(Kaplinghat et al PRL’03, Lesgourgues et al, PRD’06)

Lensing potential 𝟇 is a measure of the integrated mass distribution 
back to the last scattering surface

⇥lensed(n̂) = ⇥(n̂+r�(n̂))

Neutrinos are hot relics with large 
thermal velocities, implying less 
clustering on small scales, reducing 
therefore CMB lensing!

Geometry


Matter distribution


�(n̂) = �2

Z zrec

0

dz

H(z)
 (z,D(z)n̂)

✓
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Figure 4: Derivatives of C!!
" with respect to the same late universe parameters as in Fig. 3, showing

a large change in the power spectrum as the parameters are varied: the angular diameter

distance degeneracy is broken by lensing.

allowing each of these three parameters to be constrained from the CMB alone.
Constraining late universe parameters through lensing is a future application of CMB

experiments which measure the small-scale modes, and for experiments which measure small-
scale polarization in particular. As remarked in the introduction, in the limit of low noise and

high resolution, CMB polarization experiments can ultimately reconstruct the modes of !"m
with high signal-to-noise across a wider range of angular scales (" ! 1000) than are accessible
using CMB temperature alone. In the next few subsections, we will present forecasts for

parameter constraints from CMB lensing, using a Fisher matrix formalism described in detail
in App. B.

We include unlensed temperature and polarization power spectra (TT, EE, TE) in our
analysis and include the lensing information through the deflection angle power spectrum.

We do not use the lensed power spectra to avoid the complication of the correlation in their
errors between di!erent " values and with the error in C!!

" . Using the lensed spectra and
neglecting these correlations could lead to overly optimistic forecasts [55]. A previous study

[56] found that using lensed spectra instead of the unlensed ones (plus !"m power spectrum)
shrunk the expected errors on w and m# for their version of CMBpol by about 40% and 30%

respectively.
We now consider neutrino mass, dark energy and curvature in turn and forecast the

13

(Smith et al CMBPol’09)

Planck Collaboration: Gravitational lensing by large-scale structures with Planck
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Fig. 12. Upper left: Planck measurements of the lensing power spectrum compared to the ⇤CDM mean prediction and 68% con-
fidence interval (dashed lines) for models fit to Planck+WP+highL (see text). The eight bandpowers are those used in the Planck
lensing likelihood; they are renormalized, along with their errors, to account for the small di↵erences between the lensed CTT

` in
the best-fit model and the fiducial model used throughout this paper. The error bars are the ±1� errors from the diagonal of the
covariance matrix. The colour coding shows how C��L varies with the optical depth ⌧ across samples from the ⇤CDM posterior
distribution. Upper right: as upper-left but using only the temperature power spectrum from Planck. Lower left: as upper-left panel
but in models with spatial curvature. The colour coding is for ⌦K . Lower right: as upper-left but in models with three massive
neutrinos (of equal mass). The colour coding is for the summed neutrino mass

P
m⌫.

constrained only by the Planck temperature power spectrum is
illustrated in the upper-right panel of Fig. 12, and suggests that
the direct C��L measurements may be able to improve constraints
on ⌧ further. This is indeed the case, as shown in Fig. 13 where
we compare the posterior distribution of ⌧ for the Planck temper-
ature likelihood alone with that including the lensing likelihood.
We find
⌧ = 0.097 ± 0.038 (68%; Planck)
⌧ = 0.089 ± 0.032 (68%; Planck+lensing).
At 95% confidence, we can place a lower limit on the optical
depth of 0.04 (Planck+lensing). This very close to the optical
depth for instantaneous reionization at z = 6, providing further
support for reionization being an extended process.

The ⌧ constraints via the lensing route are consistent with,
though weaker, than those from WMAP polarization. However,
since the latter measurement requires very aggressive cleaning
of Galactic emission (see e.g. Fig. 17 of Page et al. 2007), the
lensing constraints are an important cross-check.

6.1.2. Effect of the large and small scales on the
six-parameter ⇤CDM model

Before exploring the further parameters that can be constrained
with the lensing likelihood, we test the e↵ect on the ⇤CDM
model of adding the large-scale (10  L  40) and small-scale
(400  L  2048) lensing data to our likelihood. Adding addi-
tional data will produce random shifts in the posterior distribu-
tions of parameters, but these should be small here since the mul-
tipole range 40  L  400 is designed to capture over 90% of the
signal-to-noise (on an amplitude measurement). If the additional
data is expected to have little statistical power, i.e., the error bars
on parameters do not change greatly, but its addition produces
large shifts in the posteriors, this would be symptomatic either
of internal tensions between the data or an incorrect model.

In Fig. 14, we compare the posterior distributions of the
⇤CDM parameters for Planck+WP+highL alone with those af-
ter combining with various lensing likelihoods. Adding our fidu-
cial lensing likelihood (second column) reduces the errors on pa-

17

(Planck coll., A&A’14)
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CMB Lensing: Σmν  



X
m⌫ < 0.24 eV 95%CL

Planck TTTEEE+lowT+lowE+lensing

CMB: Σmν  
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X
m⌫ < 0.24 eV 95%CL

Planck TTTEEE+lowT+lowE+lensing

CMB: Σmν  
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From I. Esteban
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6 million neutrinos can’t weigh more than 3 
electrons  



Large scale structure formation: mν

Matteo Viel’s lectures



Neutrino masses suppress structure formation on scales larger than their free streaming scale 
when they turn non relativistic. (Bond et al PRL’80)
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Neutrinos with eV or sub-eV masses are HOT relics with LARGE thermal velocities!

Cold dark matter instead has zero velocity and therefore it clusters at any scale!

  

c

ν

c

c ν

c

c cν ν c ν

Some time later...

Only CDM 
clusters

Both CDM and
neutrinos cluster

ν

Consider a neutrino and a cold dark matter particle encountering two gravitational 
potential wells of different sizes in an expanding universe:

→ Cosmological neutrino mass measurement is based on observing this free-
streaming induced potential decay at λ<< λFS.

λ≫λ FS λ≪λ FS

cν c

ν
Ψ

Ψ

Potential stays the same 
(during matter domination)

Potential decays
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Consider a neutrino and a cold dark matter particle encountering two gravitational 
potential wells of different sizes in an expanding universe:

→ Cosmological neutrino mass measurement is based on observing this free-
streaming induced potential decay at λ<< λFS.

λ≫λ FS λ≪λ FS
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Ψ

Ψ

Potential stays the same 
(during matter domination)

Potential decays (From Y. Wong)

� ⌧ �fs,⌫ ! k � kfs,⌫ � � �fs,⌫ ! k ⌧ kfs,⌫

Large scale structure: mν



(Courtesy of Francisco Villaescusa-Navarro)

Matteo Viel’s lectures



Growth equation for a single uncoupled fluid, linear regime, with constant sound speed:

Gravity 


Pressure 

Hubble drag

�̈ + 2
ȧ

a
�̇ � c2sk

2 �

a2
= 4⇡G⇢�

Jeans scale:


k>kJ no growth can occur

k<kJ density perturbations growth

kJ ⌘

s
4⇡G⇢

c2s(1 + z)2
kfs,⌫(z) ⌘

r
3

2

H(z)

(1 + z)�v,⌫(z)

Neutrino free streaming scale:
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Large scale structure: mν

Exercise 2: Compute the 
neutrino free streaming scale



78

(
Compute the neutrino free streaming scale
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(From M. Tegmark)

Matter power spectrum suppression: 

Large scale structure: mν

Small scales

�P

P
= �8f⌫ = �8

⌦⌫

⌦DM

�P

P
= �(

X
m⌫/0.01 eV)%
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@LSS: Caveats, NON-LINEARITIES

2.5. Neutrino properties and cosmological observations 47

Figure 2.3: Linear power spectrum for three cosmological models with three degenerate massive
neutrinos and one with massless neutrinos. The red line depicts the matter power spectrum
P (k) for the best fit parameters for a !CDM model with massless neutrino from the Planck
data set. Neutrino large free-streaming produces a decrease in the amplitude of the power
spectrum on small scales.

The growth of CDM perturbations is reduced due the fact that one of the component in
the universe contributes to the homogeneous expansion rate but not to the gravitational
clustering.

In Fig. 2.3 we plot the linear power spectrum, computed with CAMB, for a massless neu-
trino universe using the best fit parameters from Planck measurements, [8], (red line) . We
also plot the linear power spectrum of di!erent cosmological models with three degenerate
massive neutrinos.

Notice that neutrinos suppress the power on scales below the free streaming scale when
they become non relativistic. We will carefully explain this e!ect in Chapter IV. This
suppression comes from the two e!ects. The first one is that neutrinos modify the matter
radiation equality. This time represents the epoch when the contribution of radiation to the
total energy content of the universe equals the contribution from matter and is given by:

aeq =
"r

"b + "CDM
(2.67)

with "r taking contributions from both photons and neutrinos. Since both cosmological

9

FIG. 1. Top: Non-linear galaxy power spectrum computed using the Halofitmethod with the camb code [147] (red line) and the
Coyote emulator (blue line) [114–116] at z=0.57 for the ⇤CDM best-fit parameters from Planck TT 2015 data and M⌫ = 0 eV
(given that the emulator does not fully implement corrections due to non-zero neutrino masses on small scales). Green triangle
data points are the clustering measurements from the BOSS DR12 CMASS sample. The error bars are computed from the
diagonal elements Cii of the covariance matrix. For comparison with previous work [23], purple circles represent clustering
measurements from the BOSS Data Release 9 (DR9) CMASS sample. A very slight suppression in power on small scales (large
k) of the DR12 sample compared to the DR9 sample is visible. Note that the binning strategy adopted in DR9 and DR12 is
di↵erent. Bottom: Residuals with respect to the non-linear model with Halofit. The orange horizontal line indicates the k

range used in our analysis. As it is visually clear, the k range we choose is safe from large non-linear corrections.

CMASS P (k), we consider data from the Six-degree Field
Galaxy Survey (6dFGS) [157], the WiggleZ survey [158],
and the DR11 LOWZ sample [159], as done in [23]. We
refer to the combination of these three BAO measure-
ments as BAO . When combining BAO with the base

CMB dataset and the DR12 CMASS P (k) measure-
ments, we refer to the combination as basePK . When
combining BAO with the basepol CMB dataset and the
DR12 CMASS P (k) measurements, we refer to the com-
bination as basepolPK . Recall that we have summa-
rized our nomenclature of datasets (including baseline
datasets) and their combinations in Tab. II.

The 6dFGS data consists of a measurement of
rs(zdrag)/DV (z) at z = 0.106 (as per the discussion
above, rs/DV decreases as M⌫ is increased). The Wig-
gleZ data instead consist of measurements of the acoustic
parameter A(z) at three redshifts: z = 0.44, z = 0.6, and
z = 0.73, where the acoustic parameter is defined as:

A(z) =
100Dv(z)

p
⌦mh2

cz
. (16)

Given the e↵ect of M⌫ on Dv(z), A(z) will increase as
M⌫ increases. Finally, the DR11 LOWZ data consists

of a measurement of Dv(z)/rs(zdrag) (which increases as
M⌫ is increased) at z = 0.32.
Since the BAO feature is measured from the galaxy

two-point correlation function, to avoid double counting
of information, when considering the base and basepol

datasets we do not include the DR11 CMASS BAO mea-
surements, as the DR11 CMASS and DR12 CMASS vol-
umes overlap. However, if we drop the DR12 CMASS
power spectrum from our datasets, we are allowed to add
DR11 CMASS BAO measurements without this leading
to double-counting of information. Therefore, for com-
pleteness, we consider this case as well. Namely, we drop
the DR12 CMASS power spectrum from our datasets,
replacing it with the DR11 CMASS BAO measurement.
This consists of a measurement of Dv(ze↵)/rs(zdrag) at
ze↵ = 0.57.

Baseline combinations of datasets used, and
their definitions, III.

We refer to the combination of the four BAO measure-
ments (6dFGS, WiggleZ, DR11 LOWZ, DR11 CMASS)

(Vagnozzi et al, PRD’17)

Beyond a given scale knl, linear perturbation theory 

breaks down!

z = 0.57

Large scale structure: mν
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@LSS: Caveats, BIAS!

Pgg(k, z) = bias2P (k, z)

Neutrinos themselves induce a scale-dependent bias  (LoVerde & Zaldarriaga; Castorina et al)

Galaxies are biased tracers of the underlying matter density field!   (Kaiser, APJ’84)

Large scale structure: mν



                            Baryon Acoustic Oscillations


Photons and baryons in the early universe behave as a tightly coupled 

fluid, resembling acoustic waves, generated as the baryon-photon fluid 

is attracted and falls onto the overdensities: 

September 30, 2010

Dear JCAP Editor:

rs⇤ ⇥ 1� = rs(z⇥)
DA(z⇥) �̈ + [Pressure - Gravity]� = 0 p⇥ = 1

2 ⇤̇
2 � V (⇤) w⇥ =

p�

��
⇥ �1

⇥ �dmh2 H0(km/s/Mpc)

0 0.1099 68.29
-0.1 0.097 69.48
-0.2 0.083 70.68
-0.3 0.067 71.90
-0.4 0.050 73.13
-0.5 0.032 74.37
-0.6 0.012 75.63

Sincerely,

The time when the baryons are “released” from the drag of the photons is known as 

the drag epoch. From then on photons expand freely while the acoustic waves 

“freeze in” the baryons at a scale given by the size of the horizon at the drag epoch: 


October 1, 2010

Dear JCAP Editor:

DV (z) =
�
s⌅s2

⇤
⇥1/3

s⇤ = ��c
⇤ z

0
1

H(z�)dz⇥ ⇥(⇧x) ⇥ �(⇥x)��̄(⇥x)
�̄(⇥x)

bgalaxies ⇥ ⇥galaxies/⇥dm

⇤⇥̃(⇧k)⇥̃(⇧k⇥)⌅Volume = (2⌅)3P (k)⇥3(⇧k � ⇧k⇥)

⇥̃(⇧k) ⇥
⇤

d3⇧r ei⇥k⇥r ⇥(⇧r)

⇤ ⇥dmh2 H0(km/s/Mpc)

0 0.1099 68.29
-0.1 0.097 69.48
-0.2 0.083 70.68
-0.3 0.067 71.90
-0.4 0.050 73.13
-0.5 0.032 74.37
-0.6 0.012 75.63

Sincerely,
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Fig. 1.— Comparison of the physical scales as functions of !0h2 and the baryon fraction !b/!0. (a) The
equality scale vs. the sound horizon: keqs/! (unlabeled contours at 0.1 increments). (b) The sound horizon
vs. the Silk scale: kSilks/! (unlabeled contours 2 and 3). The factors of ! have been included to facilitate
comparison with the acoustic scale.

rate (see HS96, Eqn. C8, E2). A fit to the numerical recombination results is

zd = 1291
(!0h2)0.251

1 + 0.659(!0h2)0.828
[1 + b1(!bh

2)b2 ],

b1 = 0.313(!0h
2)!0.419[1 + 0.607(!0h

2)0.674],

b2 = 0.238(!0h
2)0.223, (4)

where we have reduced zd by a factor of 0.96 from HS96 on phenomenological grounds. For !bh2
!< 0.03,

this epoch follows last scattering of the photons.

Prior to zd, small-scale perturbations in the photon-baryon fluid propagate as acoustic waves. The
sound speed is cs = 1/

!

3(1 + R) (in units where the speed of light is unity), where R is the ratio of the
baryon to photon momentum density,

R " 3"b/4"! = 31.5!bh
2"!4

2.7(z/103)!1. (5)

We define the sound horizon at the drag epoch as the comoving distance a wave can travel prior to redshift
zd,

s =

" t(zd)

0
cs (1 + z)dt =

2

3keq

#

6

Req
ln

#
1 + Rd +

!

Rd + Req

1 +
!

Req
, (6)
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rate (see HS96, Eqn. C8, E2). A fit to the numerical recombination results is
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2)b2 ],

b1 = 0.313(!0h
2)!0.419[1 + 0.607(!0h

2)0.674],
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where we have reduced zd by a factor of 0.96 from HS96 on phenomenological grounds. For !bh2
!< 0.03,

this epoch follows last scattering of the photons.

Prior to zd, small-scale perturbations in the photon-baryon fluid propagate as acoustic waves. The
sound speed is cs = 1/

!

3(1 + R) (in units where the speed of light is unity), where R is the ratio of the
baryon to photon momentum density,

R " 3"b/4"! = 31.5!bh
2"!4
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We define the sound horizon at the drag epoch as the comoving distance a wave can travel prior to redshift
zd,
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r

rs = 147.09± 0.26 Mpc

Planck Coll. A&A’20

Tracey Slatyer ’s lecture
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Photons and baryons in the early universe behave as a tightly coupled 

fluid, resembling acoustic waves, generated as the baryon-photon fluid 

is attracted and falls onto the overdensities: 

September 30, 2010

Dear JCAP Editor:

rs⇤ ⇥ 1� = rs(z⇥)
DA(z⇥) �̈ + [Pressure - Gravity]� = 0 p⇥ = 1

2 ⇤̇
2 � V (⇤) w⇥ =

p�

��
⇥ �1

⇥ �dmh2 H0(km/s/Mpc)

0 0.1099 68.29
-0.1 0.097 69.48
-0.2 0.083 70.68
-0.3 0.067 71.90
-0.4 0.050 73.13
-0.5 0.032 74.37
-0.6 0.012 75.63

Sincerely,

The time when the baryons are “released” from the drag of the photons is known as 

the drag epoch. From then on photons expand freely while the acoustic waves 

“freeze in” the baryons at a scale given by the size of the horizon at the drag epoch: 


October 1, 2010

Dear JCAP Editor:

DV (z) =
�
s⌅s2

⇤
⇥1/3

s⇤ = ��c
⇤ z

0
1

H(z�)dz⇥ ⇥(⇧x) ⇥ �(⇥x)��̄(⇥x)
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-0.2 0.083 70.68
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Sincerely,
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rs = 147.09± 0.26 Mpc Planck Coll. A&A’20

There should be a small excess 

in the two-point galaxy correlation 

function around 150 Mpc!




Galaxy Redshift Surveys

early surveys (eg. CfA2) 
were too small to 
measure BAO...

SDSS main galaxy survey
1 million redshifts

but volume too little for BAO 

Galaxy Redshift Surveys

early surveys (eg. CfA2) 
were too small to 
measure BAO...

SDSS main galaxy survey
1 million redshifts

but volume too little for BAO 

SDSS LRG sample

Luminous Red Galaxies (LRG): 
brightest & reddest galaxies in the universe, easily detected up to z=0.6 

47,000 galaxies over 4000 sq.deg - 2004
(80,000 over 8000 sq.deg planned by 
July 2008)

covers 0.72 h-3 Gpc 3

0.16 < z < 0.47

ideal tool for the first detection of 
the BAO feature...

80’s: Tiny surveys 

 

2000: Main galaxies @SDSS. 
Big number, but small volume 
 

2005: Luminous Red Galaxies @ SDSS. 
Big Volume: first detection of the BAO  
signature 
 

87

BAO scale

80’s: Tiny surveys

                            Baryon Acoustic Oscillations




2009-2014= SDSS III

8 B. Ansarinejad

Table 4. Results of fitting the correlation functions of the 5 individual fields in the LOWZ and CMASS samples using two di↵erent
models, over the range 28 6 s 6 180h�1Mpc. Here we have used the BOSS DR12 covariance matrices, scaled by a factor of 5 and
‘Significance’ refers to the significance of the detection of the BAO peak, using the complete fitting model (see Section 4.5). The mean
↵ and its standard error obtained based on the values of ↵ in this table are presented under the ‘5-fields ↵̄ ’ column in Table 3.

This Work Field Model ↵ �
2
min

/dof Significance
1 B

2
⇠m +A(s) 1.0070± 0.0207 14.5/15 4.2 �

B
2
⇠m 1.0034± 0.0219 21.7/18

2 B
2
⇠m +A(s) 0.9656± 0.0245 16.2/15 3.3 �

B
2
⇠m 0.9751± 0.0279 21.1/18

CMASS 3 B
2
⇠m +A(s) 0.9924± 0.0406 12.6/15 2.9 �

B
2
⇠m 0.9848± 0.0273 12.2/18

4 B
2
⇠m +A(s) 1.0703± 0.0506 13.5/15 2.0 �

B
2
⇠m 1.0273± 0.0380 29.7/18

5 B
2
⇠m +A(s) 1.0319± 0.0258 10.8/15 3.3 �

B
2
⇠m 1.0221± 0.0261 12.2/18

1 B
2
⇠m +A(s) 1.0535± 0.0703 34.6/15 1.3 �

B
2
⇠m 1.0403± 0.0711 35.3/18

2 B
2
⇠m +A(s) 1.1049± 0.1159 23.7/15 1.6 �

B
2
⇠m 1.0624± 0.0290 33.8/18

LOWZ 3 B
2
⇠m +A(s) 1.0117± 0.0765 17.0/15 1.8 �

B
2
⇠m 0.9817± 0.0344 16.3/18

4 B
2
⇠m +A(s) 1.0210± 0.0361 22.3/15 2.3 �

B
2
⇠m 1.0009± 0.0363 26.0/18

5 B
2
⇠m +A(s) 0.8674± 0.0934 18.2/15 1.7 �

B
2
⇠m 0.9527± 0.0125 43.5/18

significance of detection of the peak could also hint towards
the potential unreliability of the measured ↵.

4.4 Model Comparison

Fig. 6 shows the results of fitting the mean correlation
functions of the CMASS and LOWZ samples with the ⇠

fit

model, fitted with and without the A(s) nuisance parame-
ters, and the ⇠

noBAO model fitted with both B and A(s)
fitting terms. The important role played by the A(s) nui-
sance fitting terms in producing a good fit is highlighted in
these plots. This is also demonstrated numerically in Table 3,
with the fits without the A(s) having increased �

2
min/dof

values indicating the lower quality of fits. We assess the
�
2
min/dof statistic based on the corresponding p-value =

1� p(�2(dof) � �
2
min|H), which is defined as the probabil-

ity of obtaining a �
2(dof) value at least as extreme as the

value obtained, given our null hypothesis H: that the data
is consistent with the model. In other words, the p-value is
the probability of obtaining the observed data, under the
assumption that the model is correct, and a measure of the
significance at which the model is rejected by the data is
given by 1� p-value.

We note that the visual impression given in Fig. 6a is
that the ⇤CDM model without nuisance parameters for the
CMASS sample is rejected at a higher significance than by
the 28.5/18 (p = 0.055) indicated in Table 3. Indeed, when
only the diagonal terms of the covariance matrix are used
in the fitting, the significance of rejection rises to 64.9/18
(p = 3.23⇥ 10�7) (see Table 5). Thus in this case the inclu-
sion of the full covariance matrix causes a large reduction in
�
2
min/dof .

We then take a more detailed look at how significant
the nuisance parameters are in achieving a good fit for the
⇤CDMmodel. Given our two nested fit models, we can make
use of the F -ratio (see e.g. Gregory 2005) in order to deter-

(a)

60 80 100 120 140 160 180

0

0:005

0:010

(b)

60 80 100 120 140 160 180

0

0:005

0:010

0:015

Figure 6. The results of fitting the mean correlation function of
(a) CMASS and (b) LOWZ samples with various fitting models
in the range 28 6 s 6 180h�1Mpc. The blue dot-dashed curve
is the ⇠

fit model (equation 3) with the B fitting parameter only,
while the red solid curve shows the same model fitted with both
B and A(s) fitting terms. The grey dashed curve is the ⇠

noBAO

model fitted with the B and A(s) fitting terms. The error bars
shown are the square root of the diagonal elements of the BOSS
DR12 covariance matrices.

MNRAS 000, 1–18 (2018)

8�

2013 – 2019= DES > 2�
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(DES Collaboration, MNRAS’19)

BOSS (SDSSIII) Collaboration



(Peloso et al JCAP’15)

Large scale structure measurements can be 

interpreted either in the geometrical or shape forms


2 point correlation function 

  


Matter power spectrum
Fourier Transform
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BAO information  more powerful

(Peloso et al, JCAP’15)

Large scale structure: mν

S. Vagnozzi, E. Giusarma, O. Mena, K. Freese, M. Gerbino, S. Ho and M. Lattanzi, PRD’17



X
m⌫ < 0.24 eV 95%CLPlanck TTTEEE+lowT+lowE+lensing

CMB + BAO + SN: Σmν  
Planck Coll. A&A’20

10°2 10°1 1
mlightest [eV]

10°1

100

P
m

∫
[eV

]
NO IO

From I. Esteban

 eV from Planck ∑ mν < 0.24

X
m⌫ < 0.12 eV 95%CLPlanck TTTEEE+lowT+lowE+lensing + BAO

Planck TTTEEE+lowT+lowE+lensing + BAO + SN
X

m⌫ < 0.11 eV 95%CL

 eV from Planck +BAO +SN∑ mν < 0.11
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2020= SDSS IV

https://www.youtube.com/watch?v=UTlYUxucEZA


2020= SDSS IV

Alam et al, SDSS IV Coll. PRD’21

                            Baryon Acoustic Oscillations




2020= SDSS IV

                            Baryon Acoustic Oscillations

(DES Collaboration, MNRAS’19)

Zhao et al, SDSS IV Coll. MNRAS’21
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Tightest bounds on Σmν  
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From I. Esteban

 eV from Planck ∑ mν < 0.24

 eV from Planck +BAO +SN∑ mν < 0.11

 eV from Planck+ SDSS IV + SN∑ mν < 0.09

Planck+ SDSS-IV (DR16 + DR12) + SN
X

m⌫ < 0.09 eV 95% CL

Di Valentino et al PRD’21
(see also Palanque-Delabrouille et al JCAP’20)



Tightest bounds on Σmν  

From I. Esteban

Planck+ SDSS-IV (DR16 + DR12) + SN
X

m⌫ < 0.09 eV 95% CL
Di Valentino et al PRD’21
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6 million neutrinos can’t weigh more than 1 
electron  
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Robust: difficult to avoid in close-to-minimal models

(“simple” extensions of the  CDM model)
Λ

Di Valentino et al PRD’21

 eV∑ mν < 0.09

 eV with  and w∑ mν < 0.14 Ωk
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Without CMB: Σmν (95%CL) 
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N. Palanque-Delabrouille et al 
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eV (95\% CL) from the BBN, full-shape and BAO data only
https://arxiv.org/abs/2106.12580

M. Ivanov PRD’21
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DES Collaboration, MNRAS’16
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Olsen et al’18
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Future neutrino mass bounds 

1812.02204

From I. Esteban

10°2 10°1 1
mØ [eV]

CMB
CMB + SN +
SDSS IV

Future cosmo

K
A
T

R
IN

2021

K
A
T

R
IN

sensitivity

10°2 10°1 1
mØØ [eV]

CMB
CMB + SN +
SDSS IV

Future
cosmo

K
am

LA
N

D
-Z

en

nE
X
O

sensitivity

10°1

mlightest [eV]

10°1

1

P
m

∫
[e

V
]

CMB
CMB + SN +
SDSS IV

Future cosmo

Normal Ordering Inverted Ordering
From I. Esteban



DESI + Planck

• Neutrino mass ordering 

https://www.google.com/imgres?imgurl=http%3A%2F%2Fnewscenter.lbl.gov%2Fwp-content%2Fuploads%2Fsites%2F2%2F2015%2F09%2FPaul-Preuss-DESI-Mayall-sky.jpg&imgrefurl=http%3A%2F%2Fnewscenter.lbl.gov%2F2015%2F09%2F21%2Fdesi-cd2%2F&docid=M7FfsO21IEmg_M&tbnid=h37lzBm4eGkCYM%3A&vet=10ahUKEwjW_7XayLzbAhVEDSwKHYG8AQcQMwg_KAIwAg..i&w=612&h=610&client=firefox-b-ab&bih=879&biw=1810&q=DESI%20telescope&ved=0ahUKEwjW_7XayLzbAhVEDSwKHYG8AQcQMwg_KAIwAg&iact=mrc&uact=8
https://www.google.com/imgres?imgurl=https%3A%2F%2Fupload.wikimedia.org%2Fwikipedia%2Fen%2Fthumb%2Fa%2Fa1%2FFront_view_of_the_European_Space_Agency_Planck_satellite.jpg%2F250px-Front_view_of_the_European_Space_Agency_Planck_satellite.jpg&imgrefurl=https%3A%2F%2Fen.wikipedia.org%2Fwiki%2FPlanck_(spacecraft)&docid=Vz2Wxb7lH3JhbM&tbnid=LJ8V5pWjMS2c9M%3A&vet=10ahUKEwidnMPmyLzbAhWpiaYKHSkdCzsQMwg7KAAwAA..i&w=250&h=250&client=firefox-b-ab&bih=879&biw=1810&q=planck%20satellite&ved=0ahUKEwidnMPmyLzbAhWpiaYKHSkdCzsQMwg7KAAwAA&iact=mrc&uact=8


COrE + Euclid +LSST

DESI + Euclid +LSST

• Neutrino mass ordering 

https://www.google.com/imgres?imgurl=http%3A%2F%2Fnewscenter.lbl.gov%2Fwp-content%2Fuploads%2Fsites%2F2%2F2015%2F09%2FPaul-Preuss-DESI-Mayall-sky.jpg&imgrefurl=http%3A%2F%2Fnewscenter.lbl.gov%2F2015%2F09%2F21%2Fdesi-cd2%2F&docid=M7FfsO21IEmg_M&tbnid=h37lzBm4eGkCYM%3A&vet=10ahUKEwjW_7XayLzbAhVEDSwKHYG8AQcQMwg_KAIwAg..i&w=612&h=610&client=firefox-b-ab&bih=879&biw=1810&q=DESI%20telescope&ved=0ahUKEwjW_7XayLzbAhVEDSwKHYG8AQcQMwg_KAIwAg&iact=mrc&uact=8
https://www.google.com/imgres?imgurl=https%3A%2F%2Fupload.wikimedia.org%2Fwikipedia%2Fen%2Fthumb%2Fa%2Fa1%2FFront_view_of_the_European_Space_Agency_Planck_satellite.jpg%2F250px-Front_view_of_the_European_Space_Agency_Planck_satellite.jpg&imgrefurl=https%3A%2F%2Fen.wikipedia.org%2Fwiki%2FPlanck_(spacecraft)&docid=Vz2Wxb7lH3JhbM&tbnid=LJ8V5pWjMS2c9M%3A&vet=10ahUKEwidnMPmyLzbAhWpiaYKHSkdCzsQMwg7KAAwAA..i&w=250&h=250&client=firefox-b-ab&bih=879&biw=1810&q=planck%20satellite&ved=0ahUKEwidnMPmyLzbAhWpiaYKHSkdCzsQMwg7KAAwAA&iact=mrc&uact=8


!!!!

??????

• Neutrino mass ordering AND individual masses 

https://www.google.com/imgres?imgurl=http%3A%2F%2Fnewscenter.lbl.gov%2Fwp-content%2Fuploads%2Fsites%2F2%2F2015%2F09%2FPaul-Preuss-DESI-Mayall-sky.jpg&imgrefurl=http%3A%2F%2Fnewscenter.lbl.gov%2F2015%2F09%2F21%2Fdesi-cd2%2F&docid=M7FfsO21IEmg_M&tbnid=h37lzBm4eGkCYM%3A&vet=10ahUKEwjW_7XayLzbAhVEDSwKHYG8AQcQMwg_KAIwAg..i&w=612&h=610&client=firefox-b-ab&bih=879&biw=1810&q=DESI%20telescope&ved=0ahUKEwjW_7XayLzbAhVEDSwKHYG8AQcQMwg_KAIwAg&iact=mrc&uact=8
https://www.google.com/imgres?imgurl=https%3A%2F%2Fupload.wikimedia.org%2Fwikipedia%2Fen%2Fthumb%2Fa%2Fa1%2FFront_view_of_the_European_Space_Agency_Planck_satellite.jpg%2F250px-Front_view_of_the_European_Space_Agency_Planck_satellite.jpg&imgrefurl=https%3A%2F%2Fen.wikipedia.org%2Fwiki%2FPlanck_(spacecraft)&docid=Vz2Wxb7lH3JhbM&tbnid=LJ8V5pWjMS2c9M%3A&vet=10ahUKEwidnMPmyLzbAhWpiaYKHSkdCzsQMwg7KAAwAA..i&w=250&h=250&client=firefox-b-ab&bih=879&biw=1810&q=planck%20satellite&ved=0ahUKEwidnMPmyLzbAhWpiaYKHSkdCzsQMwg7KAAwAA&iact=mrc&uact=8
https://www.google.com/imgres?imgurl=http%3A%2F%2Fwww.core-mission.org%2Fimg%2Fcore_render.png&imgrefurl=http%3A%2F%2Fwww.core-mission.org%2F&docid=HJrYAXmDcCLMOM&tbnid=HjRk66IkpKB9WM%3A&vet=10ahUKEwi9itnly7zbAhVIhiwKHeBOBekQMwg5KAAwAA..i&w=450&h=338&client=firefox-b-ab&bih=879&biw=1810&q=CORE%20mission%20CMB&ved=0ahUKEwi9itnly7zbAhVIhiwKHeBOBekQMwg5KAAwAA&iact=mrc&uact=8
https://www.google.com/imgres?imgurl=https%3A%2F%2Fwww.bnl.gov%2Ftoday%2Fbody_pics%2F2010%2F08%2Ftelescope_side_2-hr.jpg&imgrefurl=https%3A%2F%2Fwww.bnl.gov%2Fnewsroom%2Fnews.php%3Fa%3D111170&docid=CPXHMgPe9hI7CM&tbnid=t7vc8XTdU4lNHM%3A&vet=10ahUKEwi4oLOszLzbAhUEhiwKHfzmBfAQMwhAKAgwCA..i&w=3000&h=2250&client=firefox-b-ab&bih=879&biw=1810&q=LSST%20images&ved=0ahUKEwi4oLOszLzbAhUEhiwKHfzmBfAQMwhAKAgwCA&iact=mrc&uact=8
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Another array layout giving higher resolution is to
build an array whose elements consist of FFTTs placed
far apart. After performing a spatial FFT of their indi-
vidual outputs, these can then be multiplied and inverse-
transformed pairwise, and the resulting block coverage of
the UV plane can be filled in by Earth rotation. As long
as the number of separate FFTTs is modest, the extra
numerical cost for this may be acceptable.
Above we discussed the tradeo! between di!erent

shapes for fixed collecting area. If one instead replaces
a D ! D two-dimensional FFTT by a one-dimensional
FFTT of length D using rotation synthesis, then equa-
tion (18) shows that one loses sensitivity in two separate
ways: at the angular scale ! " D/"where the power spec-
trum error bar "C! from equation (31) is the smallest,
one loses one factor of D/" from the drop in f cover, and
a second factor of D/" from the drop in collecting area
A. Another way of seeing this is to note that the avail-
able information scales as the number of baselines, which
scales as the square of the number of antennas and hence
as A2. This quadratic scaling can also be seen in equa-
tion (30): the total amount of information ("#)!2 scales
as A2#$"%, so whereas field of view, observing time and
bandwidth help only linearly, area helps quadratically.
This is because we can correlate electromagnetic radia-
tion at di!erent points in the telescope, but not at di!er-
ent times, at di!erent frequencies or from di!erent points
in the sky. The common statement that the information
gathered scales as the etendu A# is thus true only at
fixed !; when all angular scales are counted, the scaling
becomes A2#.
If in the quest of more sensitivity, one keeps length-

ening an oblong or one-dimensional FFT to increase the
collecting area, one eventually hits a limit: the curvature
of Earth’s surface makes a flat D # 10km exceedingly
costly, requiring instead telescope curving along Earth’s
surface and the alternative analysis frameworkmentioned
above in Section III F. If one desires maximally straight-
forward data analysis, one thus wants to grow the tele-
scope in the other dimension to make it less oblong, as
discussed in Section III F. This means that if one needs
# 104 antennas for adequate 21 cm cosmology sensitiv-
ity, one is forced to build a 2D rather than 1D telescope.
For comparison, even the currently funded MWA exper-
iment with its 512! 42 = 8192 antennas is close to this
number.
One final science application where 2D is required

is the study of transient phenomena that vary on a
time scale much shorter than a day, invalidating the
static sky approximation that underlies rotation synthe-
sis. This was the key motivation behind the aforemen-
tioned Waseda telescope [10–12].

IV. APPLICATION TO 21 CM TOMOGRAPHY

In the previous section we discussed the pros and cons
of the FFTT telescope, and found that it’s main strength

is for mapping below about 1 GHz when extreme sensi-
tivity is required. This suggests that the emerging field
of 21 cm tomography is an ideal first science applica-
tion of the FFTT: it requires sky mapping in the sub-
GHz frequency range, and the sensitivity requirements,
especially to improve cosmic microwave background con-
straints on cosmological parameters, are far beyond what
has been achieved in the past [24, 37–39].

A. 21cm tomography science

It is becoming increasingly clear that 21 cm tomog-
raphy has great scientific potential for both astrophysics
[18–21, 35] and fundamental physics [24, 36–39]. The ba-
sic idea is to produce a three-dimensional map of the mat-
ter distribution throughout our Universe through preci-
sion measurements of the redshifted 21 cm hydrogen line.
For astrophysics, much of the excitement centers around
probing the cosmic dark ages and the subsequent epoch
of reionization caused by the first stars. Here we will
focus mainly on fundamental physics, as this arguably
involves both the most extreme sensitivity requirements
and the greatest potential for funding extremely sensitive
measurements.

FIG. 5: 21 cm tomography can potentially map most of
our observable universe (light blue/gray), whereas the CMB
probes mainly a thin shell at z ! 1100 and current large-
scale structure maps (here exemplified by the Sloan Digital
Sky Survey and its luminous red galaxies) map only small
volumes near the center. Half of the comoving volume lies at
z > 29 (Appendix B). This paper focuses on the convenient
7
"
< z

"
< 9 region (dark blue/grey).

M. Tegmark and M. Zaldarriaga, PRD’09

SDSS

The 21 cm universe
21 cm cosmology could be able to map most of our observable universe, 
whereas the CMB probes mainly a thin shell at z≈1100 and large-scale 
structure maps only small volumes near the center so far.
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From C. Hirata

J. Pritchard & A. Loeb, 
Rept. Prog. Phys’12 http://homepage.sns.it/mesinger/21CMMC.html

Hyperfine transition of neutral hydrogen, that will be the TRACER. Can be measured in  
emission or absorption with respect to the in CMB emission (z<10) or in absorption (z>10) 
  

http://homepage.sns.it/mesinger/21CMMC.html


kilometre

2000 high & mid frequency dishes plus a million low-frequency antennas: 


Effective collecting area of one million m2


The 21 cm universe: Square Kilometer Array



2

The 21 cm universe: SKA

The Murchison region where the ASKAP and SKA telescopes will eventually be located, 

are traditional lands of the Wajarri Yamatji People, who signed an indigenous land use agreement, which protects the 
Aboriginal people’s cultural heritage. 

The agreement also brought significant benefits in terms of education and infrastructure to the local 

peoples in what is one of the most sparsely populated regions on Earth.





HANDS-ON SESSION (II)!

• PLEASE GO TO THE WEB PAGE:

 

https://lambda.gsfc.nasa.gov/toolbox/tb_camb_form.cfm

•COMPUTE THE TEMPERATURE ANISOTROPIES AND THE MATTER POWER 
SPECTRUM FOR  

•CHANGE SOME OF THE OTHER COSMOLOGICAL PARAMETERS AND 
STUDY THE PARAMETER DEGENERACIES  

∑ mν = 0.06,0.1,0.3 and 1 eV

https://alterbbn.hepforge.org/manuals/alterbbn2.2.pdf
https://lambda.gsfc.nasa.gov/toolbox/tb_camb_form.cfm


1. NEUTRINO DECOUPLING IN THE EARLY UNIVERSE ✓ 

2. COSMOLOGY & Neff ✓ 

3. COSMOLOGY & NEUTRINO MASSES ✓ 

4. HIGH ENERGY NEUTRINOS 



Neutrino windows 


(Vitagliano, Tamborra & Raffelt, .Mod.Phys.’20)

➘
HE
 UHE




High-energy and ultra-high-energy neutrinos: A Snowmass white paper, JHEAp’22

HE & UHE NEUTRINOS:




High-energy and ultra-high-energy neutrinos: A Snowmass white paper, JHEAp’22

HE & UHE NEUTRINOS:




HE  & UHE neutrinos in Gastrophysics: Cosmic messengers
Unlike photons, interact weakly, they are not attenuated. 


Unlike protons, not deflected by magnetic fields: pointing!

 


GLAST Lunchtime seminar   June 22 2006,   P. Gorham 4

Neutrinos: The only long-range messengers 
at PeV energies and above

Photons lost above 30 TeV:
pair production on IR & 
!wave background 

Charged particles: scattered by 
B-fields or GZK process at all 
energies

BUT: Sources known to 
extend to 109  TeV, maybe 
further if limited only by GZK

=> Study of the highest energy 
processes and particles 
throughout the universe 
requires PeV-ZeV neutrino 
detectors

Region not 

observable

In photons or

Charged particles

Luminosities of diffuse sub-TeV s, 


HE & UHE s and UHECRs are 


similar: possible connection between cosmic 


acceleration and the pp and pγ interactions 


that would produce HE & UHE s and photons!


The neutrino horizon extends far beyond that for UHECR.

γ

ν

ν

Francesca Calore’s talk



Gould & Schréder, PRD’67

Francesca Calore’s talk

https://arxiv.org/abs/2011.03545


Super powerful cosmic accelerator engines

Sources
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"
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- Gamma Ray Bursts

- Active Galactic Nuclei

- Topological Defects

- Decay of Super-Massive Particles

...

Energies higher

than colliders!

Because their connection

with UHE cosmic rays,

which have been observed!

However, the mystery has 

not been solved...

what is their origin?

Francesca Calore’s talk
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Astrophysical neutrinos118

Cosmic-ray interactions in the atmosphere

Cosmic-ray interactions off CMB photons

atmospheric 
neutrinos

 

cosmogenic ne
utrinos 

Exotics
e.g., heav

y dark m
atter 

p + γ CMB →Δ→ n +π +

p + X→ π ± /K ± +π 0 +Y

p + γ CMB →Δ→ p +π 0

Cosmic-ray interactions at the  source

astrophys
ical neutr

inos 
pp  or   pγ

E < 100 TeV

E > 100 TeV

E > 100 PeV

The CR/Gamma-ray/Neutrino Connection

Neutrinos and photons are guaranteed byproducts of high-energy cosmic-rays
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Astrophysical neutrinos119

hadronic 

photohad
ronic 

neutron d
ecay 

π ± → µ± + ν
(− )

µ

π 0 → γ + γ

Eν ! Eπ / 4

Eγ ! Eπ / 2

µ± → e± +νe(νe )+νµ (νµ ) Eν ! Eπ / 4

pp interactions

n→ p + e− +νe E
ν
! 5 ×10−4En

Cosmic Neutrino production

e−ℓ/τγγ
dΦν(Eν = Eγ /2)

dEν
≃ 6

dΦγ(Eγ)
dEγ

e−ℓ/τγγ
dΦν(Eν = Eγ /2)

dEν
≃ 3

dΦγ(Eγ)
dEγ

p + γ → Δ → {π+ + n
π0 + p

Eπ ≃ Ep/5

pγ interactions
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Astrophysical neutrinos
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They are expected to be produced in high-energy hadronic
processes in our Universe either directly from decaying
hadrons or from decaying charged leptons produced in the
hadronic interactions [13]. Regions of charged-particle ac-
celeration are prime candidates for high-energy neutrino
sources. The observation of EeV cosmic rays indicates
that objects of large size or high magnetic field strength
are accelerating charged particles to high energies, nar-
rowing the search for neutrino sources to a subclass of
objects [14, 15]. The diffuse cosmic ray, gamma ray, and
neutrino fluxes show similar energy content despite their
disparate energy regimes, as recent data demonstrates
(Fig. I.1). Despite this information and a wealth of cosmic-
ray observations, the sources of ultra-high-energy cosmic
rays are an unresolved mystery [16]. Thus, much like
solar neutrinos, which can escape their birthplace, high
energy astrophysical neutrinos are an indispensable probe
for cosmic-ray sources, providing insight into the long-
standing problem of the origin of cosmic-rays, as they can
escape dense environments and reach us unperturbed. By
studying their flux and energy spectrum, constraints can
be placed on the acceleration environments that produce
these neutrinos.

High-energy astrophysical neutrinos are also power-
ful probes of new physics [17]. This is in large part
because neutrinos are charged under flavor [13, 18, 19],
unlike other cosmic messengers. New nontrivial flavor
interactions can arise from a breaking of space-time sym-
metries [20, 21], secret neutrino interactions with the
cosmic-neutrino background [22–25], flavored dark-matter
neutrino interactions [26–28], or other nonstandard inter-
actions [29]. Beyond flavor, the very long distances tra-
versed by high-energy astrophysical neutrinos can be used
for accurate time-of-flight [30] and neutrino-flux spectral
distortion [31] measurements. High-energy astrophysical
neutrinos can probe very heavy decaying and annihilating
dark matter, whose other Standard Model products will
not reach Earth [32]. Finally, these neutrinos can also
probe the high-energy neutrino-nucleon cross section [33–
38]. Such a measurement is of interest due to the possibil-
ity of observing gluon screening [39], which could reduce
the cross section at the highest energies [40–42], or of un-
covering new physics phenomena, e.g., low-scale quantum
gravity [43], leptoquarks [44–50], sphalerons [51, 52], and
micro black hole production [53, 54]; see [55] for a recent
review.

The IceCube Neutrino Observatory has firmly estab-
lished the existence of high-energy astrophysical neu-
trinos. Northern sky measurements of through-going
muon tracks [56, 57], all-sky measurements using events
with interaction vertices contained in the detector fidu-
cial volume [58–61] such as high-energy starting events
(HESE), and additional studies extending to lower ener-
gies with contained cascades [62, 63] have all contributed
to the characterization of the astrophysical neutrino flux.
Archival and real-time directional searches have found
an excess with respect to background from a starburst
galaxy [64] and evidence of neutrino emission associated
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FIG. I.1. High-energy fluxes of gamma rays, neutrinos,
and cosmic rays. The segmented power-law neutrino flux,
described in Section VI A 5, obtained in the analysis described
in this paper, is shown with red circles. The single power-law
assumption, described in Section VIA1, is shown with the
light red region. The high-energy gamma-ray measurements
by Fermi [73] are shown in orange, while the extremely-high-
energy cosmic-ray measurements by the Pierre Auger Obser-
vatory [74] are shown as purple data points. The comparable
energy content of these three fluxes is of particular interest in
the investigation of cosmic-ray origin.

with a blazar [65, 66]. However, the energy spectrum,
directional distribution, and composition of this neutrino
flux are still too poorly constrained to differentiate be-
tween many astrophysical scenarios. This work focuses
on measuring the astrophysical neutrino spectrum us-
ing events with their interaction vertex contained inside
a fiducial volume; see [67] for additional details. The
astrophysical flux measurement assumes that the flux
is isotropic and equal in composition between all neu-
trino species, whose end result is shown in Fig. I.1. We
also present a directional search for neutrino sources in
Appendix H. Other work with this sample includes the
measurement of the neutrino flavor composition [68], the
search for additional neutrino interactions [69, 70] and
dark matter in the galactic core [71], and the measurement
of the neutrino cross section [72].

This paper is organized as follows. In the first sec-
tions, II, III, IV, and V the detector is described, the event
selection is defined, and relevant backgrounds, system-
atics, and statistical methodology are discussed. In Sec-
tion VI, the results of this work concerning the isotropic
astrophysical flux are presented. Each of the results sub-
sections begins with a brief summary in italics, followed
by detailed discussions. Finally, Section VII summarizes
the main conclusions of this work.
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Similar energy in gamma rays, 
neutrinos and cosmic rays from 

cosmic sources

The CR/Gamma-ray/Neutrino Connection


R. Abbasi et al. [IceCube Collaboration], arXiv:2011.03545

Neutrinos and photons are guaranteed byproducts of high-energy cosmic-
rays

Francesca Calore’s talk

https://arxiv.org/abs/2011.03545


https://web.physics.utah.edu/~whanlon/spectrum.html

The detection of PeV neutrinos allows us to study the sources of cosmic 
rays around ∼ 100 PeV, possibly probing the Galactic-to-extragalactic 
transition in cosmic rays.

Francesca Calore’s talk



UHE neutrinos in the EeV range will be crucial to investigate the 
accelerators of UHECRs. UHE gamma rays would not be directly observed 
except for nearby UHECR accelerators within 10–100 Mpc, while UHE 
neutrinos can be used to study distant sources located in the cosmological 
distance. Gamma-ray bursts, blazars are among the candidate accelerators 
of UHECRs. 


Neutrinos are also important as a probe of dense environments 
that are not visible with photons! 


https://web.physics.utah.edu/~whanlon/spectrum.html
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November 4th 2022!



Coincident observations of a high-energy neutrino event, IceCube-170922A, with X-
rays and γ-rays from the blazar TXS 0506+056.


Neutrino production must be accompanied by gamma rays. Those, due to interactions on 
the CMB and EBL, appear in X-rays and/or gamma-rays. The resulting flux is predicted 
to be comparable to the neutrino flux. 


Missing EM energy?


Ten-year point-source IceCube searches point to NGC 1068 as the most significant 
steady source of neutrinos. 


The AGN corona model predicts that NGC 1068 is the most promising neutrino source 
in the Northern sky.

Gamma-ray limits from MAGIC and HESS show that it has to be a hidden neutrino 
source: 


High-energy neutrinos may be produced in the vicinity of the supermassive black hole, 
and particles may be accelerated in hot coronae around the accretion disk.


Multimessenger astronomy



More here….

Cosmic obscure accelerator

https://www.youtube.com/watch?v=QkBAL3yvXBg&t=10s


https://icecube.wisc.edu/news/press-releases/2022/11/icecube-neutrinos-give-us-first-glimpse-into-the-inner-
depths-of-an-active-galaxy/

https://icecube.wisc.edu/news/press-releases/2022/11/icecube-neutrinos-give-us-first-glimpse-into-the-inner-depths-of-an-active-galaxy/
https://icecube.wisc.edu/news/press-releases/2022/11/icecube-neutrinos-give-us-first-glimpse-into-the-inner-depths-of-an-active-galaxy/


Cosmic obscure accelerator



“Evidence for neutrino emission from the nearby active galaxy NGC 1068,” The IceCube Collaboration: R. Abbasi et al., Science 378, 6619 (2022)
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1) Flavor composition ( )νe : νμ : ντ ≃ 1 : 1 : 1

4) Energy distribution (power law)

2) Arrival direction (Isotropic)

3) Time distribution (coincident arrival with other messengers)
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110 Northern Hemisphere candidate sources

“Evidence for neutrino emission from the nearby active galaxy NGC 1068,” The IceCube Collaboration: R. Abbasi et al., Science 378, 6619 (2022)



“Evidence for neutrino emission from the nearby active galaxy NGC 1068,” The IceCube Collaboration: R. Abbasi et al., Science 378, 6619 (2022)



“Evidence for neutrino emission from the nearby active galaxy NGC 1068,” The IceCube Collaboration: R. Abbasi et al., Science 378, 6619 (2022)

High-resolution scan around 

the most significant location

Distribution over the squared-

angular distance between NGC 1068 

and the neutrino event directions



The FATE of HE  & UHE neutrinos

1) Flavor composition ( )νe : νμ : ντ ≃ 1 : 1 : 1

4) Energy distribution (power law)

2) Arrival direction (Isotropic)

3) Time distribution (coincident arrival with other messengers)



Best-fit IceCube  spectrumν

Electromagnetic observations

Gamma-ray 

observations

NGC 1068  emission model ν

“Evidence for neutrino emission from the nearby active galaxy NGC 1068,” The IceCube Collaboration: R. Abbasi et al., Science 378, 6619 (2022)



Plenty of sources yet to be discovered!
At least two different populations contributing to the extragalactical astrophysical neutrino flux

NGC 1068 is a steady source, while TXS 0506+056 is a time-variable source

“Evidence for neutrino emission from the nearby active galaxy NGC 1068,” The IceCube Collaboration: R. Abbasi et al., Science 378, 6619 (2022)

Comparison of point-sources with the total diffuse astrophysical  fluxν

“Evidence for neutrino emission from the nearby active galaxy NGC 1068,” The IceCube Collaboration: R. Abbasi et al., Science 378, 6619 (2022)



The FATE of HE  & UHE neutrinos
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“Evidence for neutrino emission from the nearby active galaxy NGC 1068,” The IceCube Collaboration: R. Abbasi et al., Science 378, 6619 (2022)

γ = 3.2 ± 0.2



The FATE of HE  & UHE neutrinos

1) Flavor composition ( )νe : νμ : ντ ≃ 1 : 1 : 1

4) Energy distribution (power law)

2) Arrival direction (Isotropic)

3) Time distribution (coincident arrival with other messengers)



Flavor composition

(



Take a wave                + add one of similar frequency     Interference: BEATS
Neutrino oscillations are similar to musical beats, 

when the initial flavor fades a new flavor shows up... 


            νννννννν   νννννννν  

μ   μ  μ  μ  μ μ  μ  μ β  β  β  β  β  β  β  β

This can only happen if the neutrino wave is made of two waves, with a small physical difference 


causing the beats: and that  difference is mass!

ν = -sin θ ν1 + cosθ ν2 μ 

ν =  cos θ ν1 + sinθ ν2 
β

In other words.....if neutrinos oscillate, it’s because they have mass!

https://www.physicsclassroom.com/Physics-Interactives/Waves-and-Sound/Beats/Beats-Interactive
https://academo.org/demos/wave-interference-beat-frequency/
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νe  νμ  ντ  ν1  ν2  ν3  

flavor eigenstates mass eigenstates

≠
produced in CC processes free propagation MASS eigenstates

connected via the (non-diagonal) PMNS mixing matrix

NEUTRINO OSCILLATIONS

UPMNS =
c12 s12 0
−s12 c12 0
0 0 1

⎛

⎝

⎜
⎜
⎜

⎞

⎠

⎟
⎟
⎟

c13 0 s13e
− iδ

0 1 0
−s13e

iδ 0 c13

⎛

⎝

⎜
⎜
⎜

⎞

⎠

⎟
⎟
⎟

1 0 0
0 c23 s23
0 −s23 c23

⎛

⎝

⎜
⎜
⎜

⎞

⎠

⎟
⎟
⎟

eiη1 0 0
0 eiη2 0
0 0 1

⎛

⎝

⎜
⎜⎜

⎞

⎠

⎟
⎟⎟
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I. Esteban et al., JHEP 09:178, 2020

P. F. de Salas et al., JHEP 02:071, 2021 F. Capozzi et al., arXiv:2107.00532

PRESENT STATUS

https://link.springer.com/article/10.1007/JHEP09(2020)178
https://link.springer.com/article/10.1007/JHEP02(2021)071
https://arxiv.org/abs/2107.00532
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u

d

W+

e+

νe νe e-

d u

W+

Production Detection

NEUTRINO OSCILLATIONS
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u

d

W+

e+

νe νμ μ-

d u

W+

Production Detection

NEUTRINO OSCILLATIONS
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Each mass eigenstate evolves as a plane wave:

ν i t( ) = e− iEit ν i t = 0( )

and acquires a different phase Eit

but neutrinos are produced as flavor eigenstates, which are a combination of mass 
eigenstates

να t( ) = Uαi
∗ ν i t( )

i
∑ = Uαi

∗  e− iEit ν i t = 0( )
i
∑

NEUTRINO OSCILLATIONS
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Pαβ = νβ να t( )
2
= Uαi

∗Uβ j ν j ν i t( )
ij
∑

2

= Uαi
∗Uβi  e

− iEit

i
∑

2

Probability of detecting a neutrino as νβ at a time t after having produced να 

but neutrino masses are very small, so they are (almost) always very relativistic

Ei ! p +
mi
2

2p
! E + mi

2

2E

Pαβ = Uαi
∗Uβi  e

− iΔmi
2

2E
t

i
∑

2

NEUTRINO OSCILLATIONS
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Pαβ =  sin2 2θ( )sin2 Δm2L
4E

⎛
⎝⎜

⎞
⎠⎟
= sin2 2θ( )sin2 1.27 Δm2

eV2
L

km
GeV
E

⎛
⎝⎜

⎞
⎠⎟

For two neutrinos: U = cosθ sinθ
−sinθ cosθ

⎛
⎝⎜

⎞
⎠⎟

Pαα =  1- Pαβ

Appearance

Disappearance να →να

να →νβ

NEUTRINO OSCILLATIONS



Sergio Palomares-Ruiz
Sergio Palomares-RuizSergio Palomares-Ruiz

Astrophysical neutrinos150

II. Neutrino oscillations in vacuum 12

Two-neutrino oscillations in vacuum

• Equation of motion (2 parameters): i
d~⌫

dt
= H~⌫; H = U ·Hd

0 · U
†;

O =
0
BBBB@

cos ✓ sin ✓
� sin ✓ cos ✓

1
CCCCA , Hd

0 =
1

2E⌫

0
BBBB@
��m

2 0
0 �m

2

1
CCCCA , ~⌫ =

0
BBBB@
⌫e
⌫X

1
CCCCA ;

• Posc = sin2(2✓) sin2
 
1.27
�m

2
L

E⌫

!
, P↵↵ = 1 � Posc;

• In real experiments ⌫’s are not monochromatic:

hP↵�i =
1
N

Z
dE⌫

d�

dE⌫
�CC(E⌫)P↵�(E⌫)

• Maximal sensitivity for �m
2
⇠ E⌫/L;

• �m
2
⌧ E⌫/L) No time to oscillate) hPosci ' 0;

• �m
2
� E⌫/L) Averaged osc.) hPosci '

1
2sin2(2✓).

Michele Maltoni <michele.maltoni@csic.es> Third NExT Workshop, 17–19/06/2013
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Maximal effect for L ~ E/Δm2

Very long distances

 L >> E/Δm2

wave packets separate

Pαβ =  Uαi
2 Uβi

2

i
∑

From M. Maltoni

astrophysical neutrinos

NEUTRINO OSCILLATIONS
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Neutrino

α j ,⊕{ } = Ujk

2

k ,  i
∑ Uik

2
α i,S{ }

flavor ratios at source: 

    α e,S :αµ ,S :ατ ,S( )

flavor ratios at Earth: 

 α e,⊕ :αµ ,⊕ :ατ ,⊕( )

Ujk

2

k
∑ Uik

2 ≈ PTBM( ) ji =
1
18

10 4 4
4 7 7
4 7 7

⎛

⎝

⎜
⎜

⎞

⎠

⎟
⎟

©DESY

Flavor composition



Tri-Bimaximal mixing
Effective bi-maximal mixing of νμ and ντ at the atmospheric scale and effective tri- maximal 

mixing for νe with νμ and ντ at the solar scale (hence ‘tri-bimaximal’ mixing):

Harrison, Perkins & Scott PRD’02
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Pion decay

νe :νµ :ντ( )S = 1: 2 : 0( )S
           

Neutron decay

νe :νµ :ντ( )S = 1: 0 : 0( )S
           

Muon damped

νe :νµ :ντ( )S = 0 :1: 0( )S
           

Assumes unitarity: sum equal to 1

νe :νµ :ντ( )⊕ = 1:1:1( )⊕
           

νe :νµ :ντ( )⊕ = 5 : 2 : 2( )⊕
           

νe :νµ :ντ( )⊕ = 4: 7 : 7( )⊕
           

Flavor composition
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Pion sources
 

νe :νµ :ντ( )S = 1 : 2 : 0( )⇒ νe :νµ :ντ( )
⊕

= 1 :1 :1( )
           

π ± → µ± + νµ (νµ )

e± + νe(νe ) + νµ (νµ )

Muon damped 

sources

 

νe :νµ :ντ( )S = 0 :1 : 0( )⇒ νe :νµ :ντ( )
⊕

= 4 : 7 : 7( )
           

Muon sources

 

νe :νµ :ντ( )S = 1 :1 : 0( )⇒ νe :νµ :ντ( )
⊕

= 14 :11 :11( )
           

π ± → µ± + νµ (νµ )

e± + νe(νe ) + νµ (νµ )
✖

π ± → µ± + νµ (νµ )

e± + νe(νe ) + νµ (νµ )

✖

Neutron sources

 

νe :νµ :ντ( )S = 1 : 0 : 0( )⇒ νe :νµ :ντ( )
⊕

= 5 : 2 : 2( )
           n→ p + e− + νe

Flavor ratios at source and at Earth



Flavor ratios at source and at Earth

High-energy and ultra-high-energy neutrinos: A Snowmass white paper, JHEAp’22



In the PeV range, W-boson production becomes relevant from two processes: electron 
anti-neutrino scattering on atomic electrons, and neutrino-nucleus interactions in which 
the hadronic coupling is via a virtual photon. The former produces the Glashow 
resonance, which peaks at 6.3 PeV. The latter can reach up to 5-10% of the DIS cross 
section in the PeV range, and it becomes increasingly more important for heavy nuclei 
as it scales with Z2. 

 


Formaggio & Zeller, Rev.Mod.Phys.’12

Glashow resonance



The experimental landscape

Glashow resonance
ν̄e + e− → W− → X

Eres =
M2

W

2me
= 6.32 PeV

High-energy and ultra-high-energy neutrinos: A Snowmass white paper, JHEAp’22



The experimental landscape

Glashow resonance
IceCube Coll., Nature’21ν̄e + e− → W− → X Eres =

M2
W

2me
= 6.32 PeV

Data consistent with 

Hadronic Shower with an energy of 6.05 ± 0.72 PeV 


ν̄e : νe = 1 : 1 (pp)
ν̄e : νe = 1 : 3.5 (pγ) ν̄e : νe = ≃ 0 (strong B)

High-energy and ultra-high-energy neutrinos: A Snowmass white paper, JHEAp’22
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Glashow resonance as 

production mechanism diagnostic

π ± → µ± + νµ (νµ )

e± + νe(νe ) + νµ (νµ )

π ± → µ± + νµ (νµ )

e± + νe(νe ) + νµ (νµ )
✖

Pion sources

Muon damped sources

(νe : νμ : ντ)S
= (1 : 1 : 0) → (νe : νμ : ντ)⊕

= (14 : 11 : 11)

(ν̄e : ν̄μ : ν̄τ)S
= (0 : 1 : 0) → (ν̄e : ν̄μ : ν̄τ)⊕

= (4 : 7 : 7)

pp

pγ

(νe : νμ : ντ)S
= (1 : 2 : 0) → (νe : νμ : ντ)⊕

= (1 : 1 : 1)

(νe : νμ : ντ)S
= (0 : 1 : 0) → (νe : νμ : ντ)⊕

= (4 : 7 : 7)pp

pγ (νe : νμ : ντ)S
= (0 : 1 : 0) → (νe : νμ : ντ)⊕

= (4 : 7 : 7)

(ν̄e : ν̄μ : ν̄τ)S
= (0 : 0 : 0) → (ν̄e : ν̄μ : ν̄τ)⊕

= (0 : 0 : 0)

ν̄e : νe = 1 : 3.5 (pγ)

ν̄e : νe = 1 : 1 (pp)

ν̄e : νe = 1 : 1 (pp)

ν̄e : νe = 0 : 4 (pγ)



DETECTION OF HE & UHE NEUTRINOS
In the TeV–PeV range, the opacity is high but some neutrinos still traverse thousands of 
km inside the Earth before interacting.


HE neutrinos are detected by instrumenting a cubic-kilometer of water or ice with photon 
detectors: optical Cherenkov light from the particle showers and tracks. 


IceCube ( + IceCube Gen2) monitors the Northern sky, KM3NeT, Baikal-GVD, P-ONE will 
monitor the Southern sky.


For UHE neutrinos, the interaction length is extremely short and therefore detectors must 
be sensitive to either:


1) Neutrinos interacting in the atmosphere 

2) Neutrinos interacting in rock, ice, or water outside of the detector volume 


At UHE energies, Optical Cherenkov detectors are also sensitive to  via  regeneration

(Halzen & Saltzberg, PRL’98): 


ντ τ

Safa et al, JCAP’20

Alvarez Muñiz et al, PRD’18



 Regeneration
τ
The CC interaction of a  produces a  lepton that at UHE decays after ten/hundred km.ντ τ



 Regeneration
τ

The time dilated decay length of a tau of energy Eτ is 

                     γcτ ≃ 5 km [Eτ/(108 GeV)] 


The neutrino can interact inside the Earth and the τ can emerge and 
decays in the atmosphere, initiating an extensive air shower, which can 

be detected with particle, air-shower imaging, or radio detectors.


Also, the ντ  may interact deep underground and the τ decays before 
reaching the surface, a new ντ  is produced in the decay which can again 
interact in the Earth and generate a τ emerging from the surface. 

This “ντ  regeneration” increases the chances of Earth-skimming ντ 

reaching the detector.



 Regeneration
τ

aus produced by charged current interactions of tau neutrinos with nucleons then propagate along the trajectory through the Earth. The lifetime, including the γ-factor, influences the distance traveled, as does the 
electromagnetic energy loss. For reference, the time dilated decay length of a tau of energy Eτ is γcτ ≃ 5 km[Eτ/(108 GeV)] given cτ = 87.11 μm and mτ = 1.776 GeV/c2.

Reno et al, PRD’19



THE ICECUBE NEUTRINO OBSERVATORY

Cherenkov radiation from neutrino-induced showers and tracks from all flavors of neutrinos 

Astrophysical purity grows with  (backgrounds fall more steeply  with  than the signal)

Also sensitive to ’s that cascade from EeV to PeV energies due to  regeneration.


Eν Eν
ντ τ

DETECTION OF HE & UHE NEUTRINOS:

Optical detection in ice/water Francesca Calore’s talk



ANTARES, ICECUBE, KM3NeT, Baikal-GVD, P-ONE, IceCUBE Gen2



DETECTION OF HE & UHE NEUTRINOS:


Radio detection in ice

Askaryan (1965) noticed that STRONG COHERENT RADIO CHERENKOV EMISSION 

could occur from a negative charge excess in a shower propagating within a dielectric. 


In dense media like ice, compact EM showers generated after UHE neutrino interactions 
produce a coherent radio emission at the Cherenkov angle.

The long attenuation length at radio frequencies allows the signal to propagate over 
kilometer-long distances: 


In the fully coherent regime, RF signal grows quadratically with shower 
energy, and dominates above PeV!


The moon surface, ice, rock-salt (ANITA, ARIANNA, ARA, IceCube-Gen2,RNO-G, PUEO) 
rock-salt… are possible radio-clear media where neutrino can shower.


RADIO VS OPTICAL CHERENKOV DETECTION



Radio detection in ice

 ARIANNA
IceCube-Gen2

ARA

RNO-G



DETECTION OF HE & UHE NEUTRINOS:


Radio detection from the upper atmosphere: ANITA

PANIC Santa Fe 2005       P. Gorham 17

ANITA concept

Ice RF 
clarity:
1.2 km(!) 
attenuation
length

Effective “telescope” aperture: 
• ~250 km3 sr @ 1018.5 eV
• ~104 @ km3 sr 1019 eV

Area of Antarctica ~ area of Moon!

~4km deep ice!

Typical balloon

field of regard



DETECTION OF HE & UHE NEUTRINOS:


Radio detection from the upper atmosphere: ANITA
ANITA is a balloon-borne Antarctic UHE particle detector sensitive to the radio emission 
from neutrino interactions in the ice and air showers that can be generated by both 
cosmic rays and Earth-skimming neutrinos.


 The ANITA anomalies come in two types: (2) steeply upcoming air shower and (4) near-
horizon air shower events 


The steeply upcoming anomalies may be due to a possible Earth-skimming .

Strong tension with predictions from SM cross sections and limits at UHE. 


The near-horizon ANITA anomalies are more consistent with an Earth-skimming neutrino 
origin than the steep events in terms of the distributions of their arrival direction and 
spectral characteristics


Strong tension with the Pierre Auger Observatory across all energies and is also in 
tension with ANITA’s own in-ice neutrino limits 


ντ







Strong tension with the Pierre Auger Observatory across all energies and is also in tension 
with ANITA’s own in-ice neutrino limits 




DETECTION OF HE & UHE NEUTRINOS:

Air shower detection of  ’s

The lifetime of  and its regeneration allow for unique detection techniques.


1) Air-shower particle detection


ντ
τ

Pierre Auger Observatory (Auger): large-scale array of surface water tanks to detect 
Cherenkov light from horizontal showers initiated by UHE neutrinos in the atmosphere 
TAMBO is a planned array of water tanks to be located on one side of an Andean canyon, 
designed to detect the showers initiated by UHE taus emerging from the opposite side




DETECTION OF HE & UHE NEUTRINOS:

Air shower detection of  ’s

The lifetime of  and its regeneration allow for unique detection techniques.


2) Air-shower radio detection


ντ
τ

Radio-detection of Earth-skimming  : promising due to the long attenuation lengths of 
radio waves in air. 


As with in-ice radio detection, sparse arrays can be used to instrument large areas. 


Radio emission is generated in air showers initiated by  decays, via the geomagnetic 
effect, due to charge separation in the magnetic field of Earth as the air showers 
progress through the atmosphere. 


ντ

τ



BEACON
PUEO

GRAND

Francesca Calore’s talk



DETECTION OF HE & UHE NEUTRINOS:

Air shower detection of  ’s

The lifetime of  and its regeneration allow for unique detection techniques.


1) Air-shower imaging 


ντ
τ

At UHE energies, air-shower imaging instruments (optimized for CR and gamma-ray 
detection) have demonstrated that the imaging of air showers via the Cherenkov and 
fluorescence light radiated by shower particles is a viable detection method for UHE ντ

High-energy and ultra-high-energy neutrinos: A Snowmass white paper, JHEAp’22



Current & Future experimental landscape

High-energy and ultra-high-energy neutrinos: A Snowmass white paper, JHEAp’22

UHE: Air-showers radio-detection of Earth-skimming ντHE: Optical Cherenkov light in ice detectors



Diffuse flux: Possible models compatible with observations

High-energy and ultra-high-energy neutrinos: A Snowmass white paper, JHEAp’22

Comparison of current IceCube measurements and projections for 10 years of IceCube-Gen2 data.


Isotropic distribution-> Extragalactic origin


Spectral features -> CR interaction processes and maximum acceleration energies


High-energy and ultra-high-energy neutrinos: A Snowmass white paper, JHEAp’22

Cascades

Tracks

Single power law

Power law + p  emission


from a BL Lac 


γ



Astrophysical diffuse flux measurements

High-energy and ultra-high-energy neutrinos: A Snowmass white paper, JHEAp’22

High-energy and ultra-high-energy neutrinos: A Snowmass white paper, JHEAp’22

Results are consistent with the hypothesis that the flux of astrophysical  neutrinos follows 


a single power law:



Current “theo” landscape: Cross sections

High-energy and ultra-high-energy neutrinos: A Snowmass white paper, JHEAp’22

Above a few GeV:  Neutrino deep inelastic scattering (DIS)


PeV and EeV neutrinos probe the small-x and high-Q2 region of DIS, a kinematic 
region with very limited data available from colliders and fixed-target experiments to 
perform PDF fits


 




Current “theo” landscape: Cross sections

High-energy and ultra-high-energy neutrinos: A Snowmass white paper, JHEAp’22

The first measurement of the neutrino cross section from 6.3 TeV to 980 TeV was done 
by IceCube using up-going muon neutrinos . 

Later, two independent measurements were carried out using starting events with 
energies between 60 TeV and 10 PeV.  




Current “theo” landscape: Neutrino decay

High-energy and ultra-high-energy neutrinos: A Snowmass white paper, JHEAp’22

Neutrino telescopes can probe lifetimes  
τ/m ≥ 102 L
Mpc

TeV
E



Current “theo” landscape: Dark matter

Optimal location of Antares to observe the Galactic Center

High-energy and ultra-high-energy neutrinos: A Snowmass white paper, JHEAp’22

Neutrino telescopes provide very strong bounds for heavy dark matter mχ > PeV

Tracey Slatyer ’s lecture



Current “theo” landscape: Fundamental symmetries

High-energy and ultra-high-energy neutrinos: A Snowmass white paper, JHEAp’22

If Lorentz invariance holds: 



Current “theo” landscape: Fundamental symmetries

High-energy and ultra-high-energy neutrinos: A Snowmass white paper, JHEAp’22

Lorentz invariance violation manifests a 

a departure from the standard flavour ratio

n=-1 neutrino decay

n=0 CPT odd LIV

n>1  CPT even LIV



Final remarks


➘ ➘

➘

(C. Spiering EPJH’12)

High-energy and ultra-high-energy neutrinos: A Snowmass white paper, JHEAp’22



Current “theo” landscape: Fundamental symmetries

If the SM is extended with a new U(1)’ gauge symmetry, the an extension 

new gauge boson Z’ will be the mediator of a new interaction between 

neutrinos and other elementary massive particles. 


In the ultra-light limit of the Z’ mass, the resulting interaction is

long-range, affecting the propagation of high-energy 

astrophysical neutrinos: they will in addition interact with matter particles 

while propagating through the Universe, modifying the standard 

flavour composition f⊕ at Earth. 




High-energy and ultra-high-energy neutrinos: A Snowmass white paper, JHEAp’22

Current “theo” landscape: Fundamental symmetries
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This expression remains valid today.
Equation (4) provides a useful estimate for the temperature of the relic neutrino back-

ground. However, we do expect some small corrections owing to the fact that the processes
of neutrino decoupling and e+e� annihilation occur in close proximity in time and that these
processes are not instantaneous; At the time of e+e� annihilation, some neutrinos, particu-
larly those at the high energy tail of the Fermi–Dirac distribution, are still coupled to the
cosmic plasma and will partake in the reheating process. Thus in general we expect the
neutrino energy density to be a little higher than is implied by the relation (4).

This increase in the neutrino energy density is usually parameterised in terms of an in-
crease in the e↵ective number of neutrino families Ne↵ , defined via

P
i ⇢⌫,i ⌘ Ne↵⇥⇢⌫,0, whereP

i ⇢⌫,i is the total energy density residing in all neutrino species, and ⇢⌫,0 = (7/8)(⇡2/30)gT 4
⌫

denotes the “standard” neutrino energy density per flavour. Evidently, this relation is
uniquely defined only at early times when the neutrinos are still relativistic. Taking also into
account neutrino flavour oscillations and finite temperature QED e↵ects, Ne↵ = 3.046 [6].

2.3 Properties of the relic neutrino background today

Using equation (4) and measurements of the present CMB temperature TCMB,0 = 2.725 ±
0.001 K [7] leads us to expect a relic neutrino background of temperature T⌫,0 = 1.95 K ⇠
10�4 eV. The number density is expected to be 112 cm�3 per flavour from equation (2).

The exact energy density per flavour depends on whether the neutrinos are relativistic or
nonrelativistic today. The neutrinos are relativistic if m⌫ ⌧ T⌫,0, in which case their energy
density per flavour is ⇢⌫ = (7/8)(4/11)4/3⇢CMB. Normalised to the present-day critical density
⇢crit,0 = 3H2

0/8⇡G, where H0 = 100 h is the present Hubble parameter and G Newton’s
constant, we find ⌦⌫h2 ⌘ (⇢⌫,0/⇢crit,0)h2 = 6⇥ 10�6. In other words, the energy density due
to relativistic neutrinos today is completely negligible.

However, if m⌫ � T⌫,0, then the energy density per flavour is ⇢⌫ = m⌫n⌫ , or, equivalently,

⌦⌫h
2 ' m⌫

93 eV
. (5)

Thus, even for a neutrino mass as small as m⌫ = 0.05 eV, we expect to find a non-negligible
⌦⌫ ⇠ 0.1%; These neutrinos then form a dark matter component in the universe. By de-
manding that massive neutrinos not overclose the universe, i.e., ⌦⌫ < 1, one can immediately
set an upper bound on the sum of the neutrino masses,

P
m⌫ < 93 eV [8, 9]. Historically

this is first upper bound on the neutrino mass from cosmology and is sometimes known as
the “closure” bound.

3 Linear cosmological perturbations

Neutrino dark matter satisfying the closure bound cannot constitute all of the dark matter
content of the universe because thermal relics that decouple when relativistic come with a

6

We integrate the Fermi-Dirac distribution for the (anti)neutrinos, with 0 
chemical potential

⌦⌫ =
⇢⌫

⇢crit
=

P
m⌫n⌫

3H2
0/8⇡G

H0 = 100h

⌦⌫h
2 =

P
m⌫

93 eV



The experimental landscape

TeV–PeV neutrino-nucleon cross section ✔


Inelasticity distribution ✔


Charm production in neutrino interactions ✔


Hints of the first high-energy ντ ✔


Icecube 

shopping list

High-energy and ultra-high-energy neutrinos: A Snowmass white paper, JHEAp’22


