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Zusammenfassung

Während die experimentellen Grenzen von Energie und Intensität stetig
hinausgeschoben werden, entwickelt sich die Astroteilchenphysik immer stärker
als Schlüssel zum Verständnis der mikroskopischen und makroskopischen Me-
chanismen, die unser Universum bestimmen. In dieser Dissertation wird die
Teilchenphysik jenseits des Standardmodells untersucht, insbesondere dunkle
Materie und Neutrinoeigenschaften, durch die Benützung astrophysikalischer
Neutrinos und anderer Botenteilchen. Die gleichzeitige Betrachtung von Neutri-
nos und Photonen, zusammen mit kosmischer Strahlung und Gravitationswellen,
bildet den Kern der Multi-Messenger Astronomie, einem jungen und sich rasch
entwickelnden Gebiet, das verspricht, unser Verständnis des Universums auf
völlig verschiedenen Energieskalen neu zu formen. Gerade Neutrinos sind
besonders interessant, da sie sowohl Hintergrund als auch Signal sein können.

In dem ersten Teil der Arbeit präsentiere ich eine neue Analyse des “großen
vereinheitlichten Neutrinospektrums” (Grand Unified Neutrino Spectrum), wo-
mit der irdische Neutrinofluss gemeint ist, der aus unterschiedlichen Quellen ein
breites Energiespektrum umfasst. Nach einer kurzen Übersicht über die Beiträge
zu diesem vereinheitlichten Neutrinospektrum wenden wir uns einem zuvor nicht
beachteten Fluss zu, den niederenergetischen Neutrinos aus thermischen Pro-
zessen in der Sonne. Dieser Fluss schließt die Lücke zwischen dem kosmischen
Neutrinohintergrund und dem solaren Neutrinofluss aus Kernfusionen.

Der zweite Teil widmet sich der Suche nach Physik jenseits des Standardmo-
dells. Zunächst zeigen wir, wie sich aus Sonnenneutrino-Messungen eine obere
Schranke an den Neutrinozerfall in leichte Pseudoskalare herleiten lässt, wobei
die Suche nach solaren Antineutrinos durch KamLAND, SNO und Borexino
besonders nützlich ist. Schließlich untersuche ich Andeutungen eines Signals der
dunklen Materie im Kontext der Multi-Messenger Astronomie bei unterschied-
lichen Wellenlängen. Diese Anzeichen stammen von einer erhöhten kosmischen
Hintergrundstrahlung im Infrarotspektrum (gemessen von der Sonde CIBER),
die mittels des Zerfalls axionartiger Teilchen mit einer eV-Masse erklärt werden
kann. Gleichzeitig würde damit eine Diskrepanz zwischen Fermi und IceCube
Messungen erklärt, nämlich dass weniger Gammastrahlung beobachtet wird,
als man aus dem gemessenen Neutrinofluss erwarten würde.
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Abstract

As the experimental boundaries of the energy and intensity frontiers are pushed
forwards, astroparticle physics increasingly becomes a key tool to understand
the microscopic and macroscopic mechanisms governing our universe. In this
thesis particle physics beyond the Standard Model is explored, especially dark
matter and neutrino properties, through the use of astrophysical neutrinos and
other messengers. The combined use of neutrinos and photons, as well as cosmic
rays and gravitational waves, is at the core of multi-messenger astronomy, a
young and rapidly developing field which promises to reshape our understanding
of the universe at hugely different energy scales. Neutrinos are of particular
interest as they play the double role of possible signal and background.

In the first part of the thesis, I present a new analysis of what we will call
the “grand unified neutrino spectrum” (GUNS) at Earth, the flux of neutrinos
coming from many different sources, both at low and high energies. After a
short review of the contributions to the grand unified neutrino spectrum, we
will turn to a previously overlooked flux, the low-energy component of neutrinos
produced in the Sun by thermal processes, which fills the gap between the
cosmic neutrino background and the solar neutrino flux from nuclear reactions.

The second part of the thesis is dedicated to the search for physics beyond
the Standard Model. First, I will show how solar neutrino observations can
be used to constrain neutrino decay to light pseudoscalars, particularly taking
advantage of antineutrino searches from the Sun tackled by KamLAND, SNO
and Borexino. Finally, I will scrutinize hints for a dark matter signal in
the context of multi-messenger, multi-wavelength astronomy, as the decay of
axionlike particles with eV mass enhances the infrared cosmic background
radiation (as detected by the sounding rocket CIBER), explaining at the same
time an existing tension between the observations of Fermi and IceCube, namely
that we observe less gamma rays than expected from the measured high-energy
neutrino flux.
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Chapter 1
Introduction: grand unified neutrino
spectrum at Earth

Ever since the unification of phenomena ranging from falling apples to the motion
of planets by Isaac Newton, the sky has been a fundamental tool to investigate
fundamental physics. To put it in the words of Arthur Eddington, we hit “the road to
a knowledge of the stars [...] through the atom; and important knowledge of the atom
has been reached through the stars.” Moreover, many centuries have passed from
Galileo Galilei’s invention of the telescope, and a huge advancement in observations
has taken place. In our epoch of multi-messenger astronomy, the Universe is no
longer explored with electromagnetic radiation alone, but in addition to cosmic rays,
neutrinos and gravitational waves are becoming crucial astrophysical probes. While
the age of gravitational-wave detection has only begun, neutrino astronomy has
evolved from modest beginnings in the late 1960s with first detections of atmospheric
and solar neutrinos to a main-stream effort. Today, a vast array of experiments
observes the neutrino sky over a large range of energies.

Neutrinos are special in this regard because questions about their internal proper-
ties were on the table almost immediately after the first observation of solar neutrinos.
The daring interpretation of the observed deficit in terms of flavor oscillations even-
tually proved correct. Today this effect is a standard ingredient to interpret neutrino
measurements from practically any source. While some parameters of the neutrino
mixing matrix remain to be settled (the mass ordering and the CP-violating phase),
it is probably fair to say that in neutrino astronomy today the focus is on the sources
and less on properties of the radiation. Of course, there is always room for surprises
and new discoveries. The goal of this thesis is to search for such surprises.

The thesis is roughly divided into two parts. In the first part, I will present a
summary of neutrino astronomy for different energy ranges. The different contri-
butions can be thought as part of what one could call the grand unified neutrino
spectrum (GUNS), borrowing the terminology from Ted Ressell and Michael Turner’s
seminal grand unified photon spectrum [1]. This is the neutrino and antineutrino
background at Earth from the cosmic neutrino background in the meV range to
the highest-energy cosmic neutrinos at PeV (1015 eV) energies. While Chapters 2,
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Figure 1.1: Grand Unified Neutrino Spectrum at Earth. Each flux is the sum of all the flavors.
Neutrinos are represented with solid lines, antineutrinos with dashed lines; dashed lines are
superimposed on solid lines for sources of both neutrinos and antineutrinos. Line sources are in
units of cm−2s−1.

3 and 4 can be minimally thought of as an updated and annotated version of the
traditional GUNS plot, ideally they serve as a compact resource to get a first sense
in particular of different parts of the spectrum. The large range of energies and the
very different types of sources and detectors makes it difficult to stay abreast of the
developments in the entire field of neutrino astronomy; this is why these Chapters
will be collected in a review to be published soon [2].

I will show the dominant sources of neutrinos in the low-energy range, namely the
cosmic neutrino background and the decay of elements during big bang nucleosynthesis
in Chapter 2. Though produced via different physical mechanism (neutrino decoupling
and nuclear decays) their energy is comparable and small, and they can both be
considered a signal for early-universe phenomena.

Chapter 3 is a résumé for the higher energy range, where neutrinos are dominantly
produced by MeV processes. Sources include the Earth, the Sun, reactors and stellar
collapses, which could be exploding or failed supernovae, and could be observed either
in a single nearby event or through diffuse events (the so called diffuse supernova
neutrino background).



3

Other sources of neutrinos in the high-energy range include atmospheric processes,
in which neutrinos are produced by cosmic ray interactions in the atmosphere, and
other unidentified astrophysical sources which produce the flux detected by neutrino
telescopes. Some of these high-energy astrophysical phenomena are described, includ-
ing star-forming galaxies, gamma-ray burst, and blazars. These will be the topics of
Chapter 4.

Of course, there can always be some additional sources contributing to the GUNS;
in Chapter 5 we turn to an analysis of the previously overlooked flux of solar neutrinos
produced by thermal processes, which fills a gap in the literature. I will calculate
the solar neutrino and antineutrino flux in the keV energy range. The dominant
thermal source processes are photo production, bremsstrahlung, plasmon decay, and
neutrino emission in free-bound and bound-bound transitions of partially ionized
elements heavier than hydrogen and helium. These latter processes dominate in the
energy range of a few keV and thus carry information about the solar metallicity.
To calculate their rate one can use libraries of monochromatic photon radiative
opacities in analogy to a previous calculation of solar axion emission. Our overall
flux spectrum and many details differ significantly from previous works. While this
low-energy flux is not measurable with present-day technology, it could become
a significant background for future direct searches for keV-mass sterile neutrino
dark matter. Chapter 5 is a paradigmatic example of how neutrinos can be at the
same time a signal (for solar physics studies) and a background (for sterile neutrino
searches). Moreover, we will see how the Sun, and more generally other stars, can be
laboratories for particle physics: this is another fil rouge of this thesis.

Astrophysical and terrestrial neutrino fluxes can be modified by any number
of nonstandard effects, including mixing with hypothetical sterile neutrinos, large
nonstandard interactions, spin-flavor oscillations by large nonstandard magnetic
dipole moments, decays and annihilation into majoron-like bosons, for the CNB large
primordial asymmetries and other novel early-universe phenomena, or entirely new
sources such as dark-matter annihilation in the Sun or Earth. In the second part
of the thesis I will show specific examples of how neutrino astronomy can be a tool
to explore fundamental particle physics. Chapter 6 is devoted to the exploration of
a model in which neutrinos may acquire small Dirac or Majorana masses by new
low-energy physics in terms of the chiral gravitational anomaly. This model predicts
fast neutrino decays to neutrinos or antineutrinos accompanied by gravi-majorons,
pseudoscalar Nambu-Goldstone bosons. The final-state neutrino and antineutrino
distributions differ depending on the Dirac or Majorana mass of the initial state.
This opens a channel for distinguishing these cases. I will show how to put strong
bounds on the decay of the heaviest neutrino to a light pseudoscalar using data from
experiments searching for antineutrino appearance from the Sun.

Blazars, discussed in Chapter 4, are one of the main ingredients of Chapter 7,
where I carry out a multi-messenger, multi-wavelength study with the help of the
infrared background radiation, the observation of the gamma-ray flux and neutrinos.
Here, I identify possible tensions between the expected fluxes of photons and neutrinos
and propose as an explanation for these astrophysical observations the existence of
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an axionlike particle. The first measurement of the diffuse background spectrum
in the infrared range from the CIBER experiment has indeed revealed a significant
excess of the cosmic infrared background radiation compared to the theoretically
expected spectrum. We will see that such an axionlike particle scenario is not
excluded by anisotropy measurements nor by stellar cooling arguments. Furthermore,
the increased EBL attenuates the diffuse TeV gamma-ray flux and alleviates the
tension between the detected neutrino and gamma ray fluxes, connected through
multi-messenger arguments. Once more, neutrinos are shown to be an interesting
tool to explore models beyond the Standard Model.

Finally, Chapter 8 is a summary of what we can learn with neutrinos from
cosmological and astrophysical observations, both in the realm of macroscopic physics
as well as in the one of fundamental particle physics.



Chapter 2
Cosmological neutrinos1

Low-energy neutrino astronomy has long been a great tool to investigate particle
physics. As an example, the observation of solar neutrinos, which will be discussed in
the next Chapter, allowed us to infer the existence of a neutrino mass term. Though
the non-zero mass of neutrinos is usually relevant only because of their oscillation,
there is an important exception, namely, the cosmic neutrino background (CNB).
This component of the GUNS is very peculiar in this regard, since massive neutrinos
are detected as a cold relic rather than like a radiation component. In Sec. 2.1 we
begin with the CNB, discussing primarily the impact of neutrino masses. CNB is a
fundamental feature of the early universe evolution, and its future detection will help
us to better understand a plethora of cosmological phenomena, from the primordial
synthesis of elements to the anisotropies of the cosmic microwave background (CMB).
At the moment, however, we still lack a direct signature of the CNB, that only a
laboratory detection experiment could provide.

At slightly larger energies other components dominate the neutrino flux. In
Sec. 2.2 we turn to BBN neutrinos, which form a small but dominant contribution at
energies just above the CNB. This very recently recognized flux derives from neutron
and triton decays, n→ p+ e− + ν̄e and

3H→ 3He + e− + ν̄e, that are left over from
big-bang nucleosynthesis (BBN). Analogously to the CNB, the observations of these
antineutrinos would open a new window on the early Universe processes.

2.1 Cosmic neutrino background
The cosmic neutrino background is a relic from the early universe when it was about
1 sec old. It consists today of about 112 cm−3 neutrinos plus antineutrinos per flavor
and is the largest neutrino density at Earth, yet it has never been measured. If
neutrinos were massless, the CNB would be blackbody radiation at Tν = 1.945 K =
0.168 meV. However, the mass differences implied by flavor oscillation data show that
at least two mass eigenstates must be nonrelativistic today, providing a dark-matter

1This Chapter closely follows the discussion of E. Vitagliano, I. Tamborra and G. Raffelt, “Grand
unified neutrino spectrum at Earth,” work in progress [2].

5
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component instead of radiation. The CNB and its possible detection is a topic tightly
interwoven with the question of the absolute scale of neutrino masses and their Dirac
vs. Majorana nature.

2.1.1 Standard properties of the CNB
Cosmic neutrinos [3–6] are a thermal relic from the hot early universe, in analogy to
the cosmic microwave background (CMB). At cosmic temperature T above a few
MeV, photons, leptons and nucleons are in thermal equilibrium so that neutrinos
follow a Fermi-Dirac distribution. If the lepton-number asymmetry in neutrinos is
comparable to that in charged leptons or to the primordial baryon asymmetry, i.e.,
of the order of 10−9, their chemical potential is negligibly small.

The true origin of primordial particle asymmetries remains unknown, but one
particularly attractive scenario is leptogenesis, which can be directly connected to
the origin of neutrino masses [7–9]. There exist many variations of leptogenesis,
but its generic structure suggests sub-eV neutrino Majorana masses. In this sense,
everything that exists in the universe today may trace its fundamental origin to
neutrino Majorana masses.

Much later in the cosmic evolution, at T ∼ 1 MeV, neutrinos freeze out in that
their interaction rates become slow compared to the Hubble expansion, but they
continue to follow a Fermi-Dirac distribution at a common T because, for essentially
massless neutrinos, the distribution is kinematically cooled by cosmic expansion.
Around T ∼ 0.1 MeV, electrons and positrons disappear, heating photons relative to
neutrinos. In the adiabatic limit, one finds that afterwards Tν = (4/11)1/3 Tγ . Based
on the present-day value TCMB = 2.725 K one finds Tν = 1.945 K today.

The radiation density after e+e− disappearance is provided by photons and
neutrinos and is usually expressed as

ρrad =

[
1 +Neff

7

8

(
4

11

)4/3
]
ργ , (2.1.1)

where Neff , the effective number of thermally excited neutrino degrees of freedom,
is a way to parameterize ρrad. The standard value is Neff = 3.045 [10], where the
deviation from 3 arises from residual neutrino heating by e+e− annihilation and
other small corrections. (Other authors find Neff = 3.044 [11] and 3.052 [12].) Both
big-bang nucleosynthesis and cosmological data, notably of the CMB angular power
spectrum measured by Planck, confirm Neff within ∼ 10% errors [6, 13–15].

While leptogenesis in the early universe is directly connected to the origin of
neutrino masses, they play no role in the subsequent cosmic evolution. In particular,
sub-eV masses are so small that helicity-changing scattering rates have no practical
effect. If neutrino masses are of Majorana type and thus violate lepton number,
any primordial asymmetry would remain conserved, i.e., helicity plays the role of
lepton number and allows for a chemical potential. In the Dirac case, the same
reasoning implies that the sterile partners will not be thermally excited. Therefore,
the standard CNB will be the same for both types of neutrino masses.
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Leptogenesis is not proven and one may speculate about large primordial neutrino-
antineutrino asymmetries in one or all flavors. In this case flavor oscillations would
essentially equilibrate the neutrino distributions before or around thermal freeze-out at
T ∼ 1 MeV so that, in particular, the νe chemical potential would be representative of
that for any flavor [16,17]. It is strongly constrained by big-bang nucleosynthesis and
its impact on β equilibrium through reactions of the type p+ e− ↔ n+ νe. Moreover,
a large neutrino asymmetry would enhance Neff . Overall, a possible neutrino chemical
potential, common to all flavors, is constrained by |µν/T |. 0.1 [17,18], allowing at
most for a modest modification of the radiation density in the CNB.

2.1.2 Neutrinos as hot dark matter

Flavor oscillation data reveal the squared-mass differences discussed in Appendix A.
They imply a minimal neutrino mass spectrum

m1 = 0, m2 = 8.6 meV, m3 = 50 meV . (2.1.2)

While normal mass ordering is favored by global fits, it could also be inverted
(m3 < m1 < m2) and there could be a common offset from zero. The value of the
smallest neutrino mass remains a key open question.

In view of Tν = 0.168 meV for massless neutrinos, at least two mass eigenstates
are dark matter today. Indeed, cosmological data provide restrictive limits on the hot
dark matter fraction, implying 95% C.L. limits on

∑
mν in the range 0.11–0.68 eV,

depending on the used data sets and assumed cosmological model [6, 14,15]. Near-
future surveys should be sensitive enough to actually provide a lower limit [6,19], i.e.,
a neutrino-mass detection perhaps even on the level of the minimal mass spectrum
of Eq. (2.1.2).

Ongoing laboratory searches for neutrino masses include, in particular, the
KATRIN experiment [20] to measure the detailed electron endpoint spectrum in
tritium β decay. The neutrino-mass sensitivity reaches about 0.2 eV for the common
mass scale, i.e., a detection would imply a significant tension with cosmological limits
and thus point to a nonstandard CNB or to other issues with standard cosmology.

2.1.3 Spectrum at Earth
Which neutrino spectrum would be expected at Earth and should be shown on the
GUNS plot? For neutrinos with mass, not the energy but the momentum is redshifted
by cosmic expansion, so the phase-space occupation at redshift z for free-streaming
neutrinos is

fν(p) =
1

ep/Tz + 1
, (2.1.3)

where Tz = Tν(1 + z) and Tν = 1.945 K is today’s temperature of hypothetical
massless neutrinos. The present-day number density for one species of ν or ν̄,
differential relative to momentum, is therefore

dnν
dp

=
1

2π2

p2

ep/Tν + 1
. (2.1.4)
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Integration provides nν = 56 cm−3 as mentioned earlier.
However, expressed as an isotropic flux, perhaps for a detection experiment, one

needs to include the velocity p/E with E =
√
p2 +m2

i , where mi is one of the mass
eigenstates i = 1, 2 or 3. Therefore, the isotropic differential flux today is

dΦν

dp
=

p

E

dnν
dp

=
1

2π2

p3√
p2 +m2

i

1

ep/Tν + 1
. (2.1.5)

In Fig. 2.1 I show this flux for our reference mass spectrum given in Eq. (2.1.2).
On the other hand, for plotting the GUNS, the spectrum in terms of energy is

more useful. In this case we need to include a Jacobian dp/dE = E/p that cancels
the velocity factor so that

dΦν

dE
=

p

E

dnν
dE

=
1

2π2

E2 −m2
i

e
√
E

2−m2
i/Tν + 1

. (2.1.6)

The maximum of this function does not depend on mi and is

2.70× 1012 cm−2 s−1 meV−1 .

The energy spectrum for our reference neutrino masses is shown in Fig. 2.2, where
one can see that for larger masses it is tightly concentrated at E & mi. Traditional
GUNS plots [21,22] apply only to massless neutrinos.

These results ignore that the Earth is located in the gravitational potential of
the Milky Way. Beginning with the momentum distribution of Eq. (2.1.4) we find
for the average of the velocity v = p/E

〈v〉 =
2700 ζ5

7π4

T

m
+O

(
T

m

)3

≈ 4.106
T

m
. (2.1.7)

For T = 0.168 meV and m = 50 meV this is 〈v〉 = 1.38× 10−2, significantly larger
than the galactic virial velocity of about 10−3. Therefore, gravitational clustering is a
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Figure 2.1: Isotropic ν or ν̄ differential flux today, dΦν/dp, for neutrinos with mass as given in
Eq. (2.1.5). The different curves correspond to our reference mass spectrum of Eq. (2.1.2).
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Figure 2.2: Neutrino differential flux dΦν/dE according to Eq. (2.1.6) for our reference mass spectrum
of Eq. (2.1.2). The maximum flux does not depend on mν and is 2.70× 1012 cm−2 s−1 meV−1.

small effect [23,24] and our momentum and energy distributions remain approximately
valid if neutrino masses are as small as we have assumed.

In summary, the local number and energy density of one CNB mass eigenstate of
neutrinos plus antineutrinos are

nνν̄ = 112 cm−3, (2.1.8a)

ρνν̄ = 59.2 meV cm−3 for mν � Tν , (2.1.8b)

ρνν̄ = 112 meV cm−3 mν

meV
for mν � Tν , (2.1.8c)

ignoring small clustering effects in the galaxy.

2.1.4 Detection perspectives

Directly measuring the CNB remains extremely challenging [25–27]. Those ideas
based on the electroweak potential on electrons caused by the cosmic neutrino sea [28],
an O(GF) effect, depend on the net lepton number in neutrinos which today we know
cannot be large as explained earlier and would also be washed out in the limit of
nonrelativistic neutrinos.

At O(G2
F) one can also consider mechanical forces on macroscopic bodies by

neutrino scattering and the annual modulation caused by the Earth’s motion in the
neutrino wind [29,30], but the experimental realization seems implausible with the
available Cavendish-like balances technology. The results are not encouraging also
for similar concepts based on interferometers [31].

Another idea for the distant future proposes radiative atomic emission of a
neutrino pair [32]. The CNB would affect this process by Pauli phase-space blocking.

Extremely high-energy (EHE) neutrinos, produced as cosmic-ray secondaries or
from ultra-heavy particle decay or cosmic strings, would be absorbed by the CNB,
the process being resonant if the CM energy matches the Z0 mass [33]. For now
there is no evidence for EHE neutrinos in the required energy range beyond 1020 eV
so that absorption dips cannot yet be looked for [25].

Perhaps the most realistic approach uses inverse β decay [34–38], notably on
tritium, νe + H3 → He3 + e−, which is currently pursued by the PTOLEMY project
[39,40]. However, our reference scenario with the mass spectrum given in Eq. (2.1.2) is
particularly difficult because ν3 has the smallest νe admixture of all mass eigenstates.
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On the other hand, if the mass spectrum is inverted and/or quasi degenerate, the
detection opportunities may be more realistic. Such an experiment may also be
able to distinguish Dirac from Majorana neutrinos [36] and place constraints on
nonstandard neutrino couplings [37]. Moreover, the polarization of the target might
achieve directionality [38].

The properties of the CNB, the search for the neutrino mass scale, and the Dirac
vs. Majorana question, remain at the frontier of particle cosmology and neutrino
physics. Moreover, while neutrinos are but a small dark-matter component, detecting
the CNB would be a first step in the future field of dark-matter astronomy.

2.2 Neutrinos from big-bang nucleosynthesis
During its first few minutes, the universe produces the observed light elements.
Subsequent decays of neutrons (n → p + e + ν̄e) and tritons (3H → 3He + e + ν̄e)
produce a very small ν̄e flux, which however dominates the GUNS in the gap between
the CNB and thermal solar neutrinos roughly for Eν = 10–100 meV. While a detection
is currently out of the question, it would provide a direct observational window to
primordial nucleosynthesis.

2.2.1 Primordial nucleosynthesis

Big-bang nucleosynthesis of the light elements is one of the pillars of cosmology [13,
41–44] and historically has led to a prediction of the CMB long before it was actually
detected [45,46]. In the early universe, protons and neutrons are in β equilibrium,
so their relative abundance is n/p = exp(−∆m/T ) with ∆m = 1.293 MeV their
mass difference. Weak interactions freeze out about 1 s after the big bang when
T ≈ 1 MeV, leaving n/p ≈ 1/6. Nuclei form only 5 min later when T falls below
60 keV and the large number of thermal photons no longer keeps nuclei dissociated.
Neutrons decay, but their lifetime of 880 s leaves about n/p ≈ 1/7 at that point.
Subsequently most neutrons end up in 4He, leaving the famous primordial helium
mass fraction of 25%.

In detail, one has to solve a nuclear reaction network in the expanding universe
and finds the evolution of light isotopes as shown in Fig. 2.3, where the unstable
isotopes are shown in color. Besides the nuclear-physics input, the result depends
on the cosmic baryon fraction η = nB/nγ. Assuming η = 6.23× 10−10, chosen for
the example of Fig. 2.3 and the density nγ = 411 cm−3 of CMB photons, the baryon
density is nB = 2.56× 10−7 cm−3. (The 95% C.L. range for nB is 2.4–2.7 in these
units [47].) Of particular interest will be the unstable but long-lived isotopes tritium
and 7Be for which Fig. 2.3 shows final mass fractions 1.4 × 10−7 and 3.1 × 10−9,
corresponding to

nT = 1.2× 10−14 cm−3, (2.2.1a)
nBe7 = 1.1× 10−16 cm−3 (2.2.1b)

in terms of a present-day number density.
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2.2.2 Neutrinos from decaying light isotopes
The isotopes shown in color in Fig. 2.3 are β unstable and thus produce a small
cosmic ν̄e or νe density which is very much smaller than the CNB density given in
Eq. (2.1.8), but shows up at larger energies because of less redshifting due to late
decays [48, 49]. Ignoring for now the issues of neutrino masses and flavor conversion,
the resulting present-day number densities are shown in Fig. 2.4 in comparison with
the CNB (Sec. 2.1) and the low-energy tail of thermal solar neutrinos (Chapter 5).
These two sources produce νν̄ pairs of all flavors, so their number density is equal for
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Figure 2.3: Evolution of light-element abundances in the early universe. (Plot was adapted
from http://cococubed.asu.edu /code_pages/net_bigbang.shtml, where η = 6.23 × 10−10 and
H0 = 70.5 km s−1 Mpc−1 was used.)
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ν and ν̄. In Fig. 2.4 the all-flavor ν density of these sources is shown, equal to that
for ν̄, to compare with either the ν or ν̄ density of BBN neutrinos. The low-energy
tail of traditional solar νe from nuclear reactions (Sec. 3.1) and of the ν̄e geoneutrino
(Sec. 3.2) and reactor fluxes (Sec. 3.3) are all very much smaller than the solar
thermal ν or ν̄ flux. One concludes that the BBN neutrinos (ν̄e) from later neutron
(n) and tritium (T) decays produce the dominant density in the valley between the
CNB and thermal solar neutrinos around neutrino energies of 10–200 meV. Of course,
a detection of this flux is out of the reach with present-day technology.

Beryllium recombination

Considering the individual sources in more detail, we begin with 7Be which is
produced with a much larger abundance than 7Li. Eventually it decays to 7Li by
electron capture, producing νe of 861.8 keV (89.6%) or 384.2 keV (10.4%), analogous
to the solar 7Be flux (Sec. 3.1). However, in the Sun free electrons are captured, so
the average νe energy increases by a thermal amount of a few keV (Table 3.1). In
the dilute plasma of the early universe, electrons are captured from bound states,
which happens only at around 900 years (cosmic redshift zrec ≈ 29, 200) when 7Be
atoms form. The kinetics of 7Be recombination and decay was solved by Khatri and
Sunyaev [48] who found zrec to be larger by about 5000 than implied by the Saha
equation. The present-day energies of the lines are 13.1 eV = 384.2 keV/(zrec + 1)
and 29.5 eV = 861.8 keV/(zrec + 1), each with a full width at half maximum of 7.8%,
given by the redshift profile of 7Be recombination, i.e., 1.0 and 2.3 eV.

The 7Be lines shown in Fig. 2.4 were extracted from Fig. 5 of Ref. [48] with two
modifications. The integrated number densities in the lines should be 10.4 : 89.6
according to the branching ratio of the 7Be decay, whereas in Ref. [48] the strength
of the lower-energy line is reduced by an additional factor (384.2/861.8)2 which has
been undone.2 Moreover, we have multiplied both lines with a factor 5.6 to arrive
at the number density nBe7 of Eq. (2.2.1). Notice that Ref. [48] cites a relative 7Be
number density at the end of BBN of around 10−10, whereas their cited literature
and also our Fig. 2.3 shows about 5–6 times more.

Tritium decay

BBN produces a tritium (T or 3H) abundance given in Eq. (2.2.1) which later decays
with a lifetime of 17.8 years by 3H → 3He + e + ν̄e, producing the same number
density of ν̄e with a spectral shape given by Eq. (3.1.2) with Emax = 18.6 keV. During
radiation domination, a cosmic age of 17.8 years corresponds to a redshift of 2× 105,
so an energy of 18.6 keV is today 90 meV, explaining the approximate ν̄e range shown
in Fig. 2.4.

This spectrum was taken from Fig. 2 of Ref. [49], where pre-asymptotic tritium
was also included, producing the low-energy step-like feature. The isotropic flux

2Thanks to Rishi Khatri for confirming this issue which was caused at the level of plotting by
a multiplication with 384.2/861.8 instead of 861.8/384.2 to convert the high-energy line to the
low-energy one. The formula for the redshifted lines given in their Sec. 4 is correct.
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shown in Ref. [49] was multiplied with a factor 2/c to obtain our number density.3

Our integrated ν̄e density then corresponds well to the tritium density in Eq. (2.2.1).

Neutron decay

After weak-interaction freeze-out at around 1 sec, neutrons decay with a lifetime
of 880 s, producing ν̄e with a spectrum given by Eq. (3.1.2) with Emax = 782 keV.
The short lifetime implies that there is no asymptotic value around the end of BBN.
Notice also that the late n evolution shown in Fig. 2.4 is not explained by decay
alone that would imply a much faster decline, i.e., residual nuclear reactions provide
a late source of neutrons. The ν̄e number density shown in Fig. 2.4 was obtained
from Ref. [49] with the same prescription that we used for tritium.

2.2.3 Neutrinos with mass
Neutrinos have sub-eV masses, so the spectrum for energies roughly below the cross-
over between thermal solar and BBN neutrinos needs to be modified. For the purpose
of illustration we will use the minimal masses in normal ordering of Eq. (2.1.2) with 0,
8.6, and 50 meV. Neutrinos reaching Earth will have decohered into mass eigenstates,
so one needs to determine the three corresponding spectra.

The CNB consists essentially of an equal mixture of all flavors, so the probability
for finding a random CNB neutrino or antineutrino in any of the mass eigenstates is

PCNB
i =

1

3
for i = 1, 2, 3. (2.2.2)

The BBN neutrinos are produced in the e flavor, so here we use the best-fit probabil-
ities Pei given by the top row of Eq. (A.2), forcing them to add up to unity,

PBBN
1 = 0.681, PBBN

2 = 0.297, PBBN
3 = 0.022. (2.2.3)

The CNB and BBN neutrinos are produced with high energies and later their
momenta are redshifted by cosmic expansion. Therefore, their comoving differential
number spectrum dn/dp as a function of p remains unchanged. If we interpret the
horizontal axis of Fig. 2.4 as p instead of E and the vertical axis as dn/dp instead of
dn/dE, the CNB and BBN curves actually do not change, except that we get three
curves, one for each mass eigenstate, with the relative amplitudes of Eqs. (2.2.2)
and (2.2.3).

For thermal solar neutrinos, the same argument applies to bremsstrahlung, which
dominates at low energies, because the spectrum is essentially determined by phase
space alone (Chapter 5). At higher energies, where our assumed small masses are
not important, the mass would also enter in the matrix element and one would need
an appropriate evaluation of plasmon decay.

3I thank the authors of Ref. [49] for providing a data file for this curve and for explaining the
required factor. They define the flux of an isotropic gas by the number of particles passing through
a 1 cm2 disk per sec according to their Eq. (7) and following text, providing a factor c/4. Then
they apply a factor of 2 to account for neutrinos passing from both sides.
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Figure 2.5: Left: Flux densities dΦ/dp of mass-eigenstate neutrinos for mi = 0, 8.6 and 50 meV,
using the probabilities of Eqs. (2.2.2). The spectra correspond to Fig. 2.4, now including a velocity
factor vi = p/Ei for each mass state. Right: dΦ/dE as a function of E.

For experimental searches, the flux may be a more appropriate quantity. Mul-
tiplying the number density spectra of Fig. 2.4 for each p with the velocity vi =

p/
√
p2 +m2

i provides the mass-eigenstate flux spectra dΦ/dp shown in Fig. 2.5 (left),
in analogy to Fig. 2.1.

For experiments considering the absorption of neutrinos, e.g. inverse β decay on
tritium, the energy E is a more appropriate variable instead of the momentum p,
so I show dΦ/dE as a function of E in Fig. 2.5 (right). Notice that the velocity
factor vi is undone by a Jacobian E/p, so for example the maxima of the mass-
eigenstate curves are the same for every mi as discussed in Sec. 2.1.3 and illustrated
in Fig. 2.2. Relative to the massless case of Fig. 2.4, the vertical axis is simply
scaled with a factor c, whereas the curves are compressed in the horizontal direction
by p→ E =

√
p2 +m2

i . Effectively one obtains narrow lines at the non-vanishing
neutrino masses that are vastly dominated by the CNB. The integrated fluxes of the
three mass eigenstates in either ν or ν̄ are

Φ1 = 1.68× 1012 cm−2 s−1, (2.2.4a)

Φ2 = 1.35× 1011 cm−2 s−1, (2.2.4b)

Φ3 = 2.32× 1010 cm−2 s−1, (2.2.4c)

where we have used Eqs. (2.1.7) and (2.1.8) of Sec. 2.1.



Chapter 3
Astrophysical and terrestrial neutrinos4

We address MeV energies in this Chapter, reviewing several contributions to the
GUNS which are both theoretically and experimentally well known. In Sec. 3.1 we
turn to the Sun, which is especially bright in neutrinos because of its proximity,
beginning with the traditional MeV-range neutrinos from nuclear reactions which
produce only νe. In Chapter 5 we will study a new contribution in the keV range of
thermally produced fluxes that are equal for ν and ν̄. In both cases, what exactly
arrives at Earth depends on flavor conversion, and for MeV energies also whether
the Sun is observed through the Earth or directly (day-night effect).

Nuclear fusion in the Sun produces only νe, implying that in the MeV range ν̄e
fluxes, also modified by oscillations, are mostly of terrestrial origin from nuclear
fission. In Sec. 3.2 I will consider geoneutrinos that predominantly come from natural
radioactive decays of potassium, uranium and thorium, while in Sec. 3.3 we turn
to nuclear power reactors. Both fluxes strongly depend on location so that their
contributions to the GUNS are not universal.

In Sec. 3.4 we turn to the 1–100 MeV range where neutrinos from a next nearby
stellar collapse, which could be an exploding or failed supernova, is one of the most
exciting though rare targets. On the one hand, such sources fit poorly on the diffuse
GUNS, since the most interesting information is in the detailed time profile of these
few-second bursts, the range of expected distances is large and the signal depends on
the viewing angle of these very asymmetric events. On the other hand, the diffuse
supernova neutrino background (DSNB) from all past collapsing stellar cores in
the Universe dominates in the 10–25 MeV range (Sec. 3.5). If the CNB is all hot
dark matter, the DSNB is actually the largest neutrino radiation component in the
Universe. It may soon be detected by the upcoming JUNO and gadolinium-enhanced
Super-Kamiokande experiments, opening a completely new frontier.

4This Chapter closely follows the discussion of E. Vitagliano, I. Tamborra and G. Raffelt, “Grand
unified neutrino spectrum at Earth,” work in progress [2].
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3.1 Neutrinos from nuclear reactions in the Sun
The Sun emits 2.3% of its nuclear energy production in the form of MeV-range
neutrinos. They arise from the effective fusion reaction 4p + 2e− → 4He + 2νe +
26.73 MeV that proceeds through several reaction chains and cycles. The history
of solar neutrino measurements is tightly connected with the discovery of flavor
conversion and the matter effect on neutrino dispersion. There is also a close
connection to precision modeling of the Sun, leading to a new problem in the form
of discrepant sound-speed profiles relative to helioseismology. This issue may well
be related to the photon opacities and thus to the detailed chemical abundances in
the solar core, a prime target of future neutrino precision experiments. Meanwhile,
solar neutrinos are becoming a background to WIMP dark-matter searches, which in
future may thus double as solar neutrino observatories.

3.1.1 The Sun as a neutrino source
The Sun produces nuclear energy by hydrogen fusion to helium that proceeds through
the PP chains (exceeding 99% for solar conditions) and the rest through the CNO
cycle [50–55]. For every produced 4He nucleus, two protons need to convert to
neutrons by what amounts to p+ e− → n+ νe, i.e., two electrons disappear in the
Sun and emerge as νe. The individual νe-producing reactions are listed in Table 3.1
(for more details see below) and the expected flux spectra at Earth are shown in
Fig. 3.1.

The PP chains all begin with p + p → d + e+ + νe, the pp reaction, which on
average releases 0.267 MeV as νe. Including the other processes (GS98 predictions
of Table 3.1) implies 〈Eνe〉 = 0.312 MeV. The solar luminosity without neutrinos is
L� = 3.828× 1033 erg s−1 = 2.39× 1039 MeV s−1, implying a solar νe production of
1.83× 1038 s−1. The average distance of 1.496× 1013 cm thus implies a flux, number
density, and energy density at Earth of

Φν = 6.51× 1010 cm−2 s−1, (3.1.1a)
nν = 2.17 cm−3, (3.1.1b)
ρν = 0.685 MeV cm−3. (3.1.1c)

These numbers change by ±3.4% in the course of the year due to the ellipticity of
the Earth’s orbit, a variation confirmed by the Super-Kamiokande detector [56].

While this overall picture is robust, the flux spectra of those reactions with larger
Eνe are particulary important for detection and flavor-oscillation physics, but are
side issues for overall solar physics. Therefore, details of the production processes
and of solar modeling are crucial for predicting the solar neutrino spectrum.

3.1.2 Production processes and spectra
The proton-neutron conversion required for hydrogen burning proceeds either as β+

decay of the effective form p→ n+ e+ + νe, producing a continuous spectrum, or as
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Figure 3.1: Top panel: Solar neutrino flux from PP chains (blue) and CNO cycle (orange). Line
sources in units of cm−2 s−1. PP-chain fluxes (except for hep) according to the measurements
shown in Table 3.1 where the uncertainties are too small to show. For the CNO and hep fluxes the
range is bracketed by the lowest AGSS09 and highest GS98 predictions. 17F is a minimal correction
to the 15O flux and thus not shown. Bottom panel: Adiabatic νe survival probability due to flavor
conversion (see Sec. 3.1.5) which depends on the radial distributions of the different production
processes. For the eN and eO lines, these distributions have not been published. The horizontal
dashed lines show the survival probability for vanishing and infinite neutrino energy.
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electron capture (EC) e−+ p→ n+ νe, producing a line spectrum. The nuclear MeV
energies imply a much larger final-state β+ phase space than the initial-state phase
space occupied by electrons with keV thermal energies, so the continuum fluxes tend
to dominate [57].

However, line energies are larger (+2me relative to the end point of the continuum)
and lines produce a distinct detection signature [58, 59]. One particularly important
case is the 7Be line where the nuclear energy is too small for β+ decay. Actually in
10% of all the cases this reaction proceeds through an excited state of 7Li, so there
are two lines, together forming the 7Be flux.

I neglect 3He + e− + p→ 4He + νe, the heep flux [57]. On the other hand, I am
inluding the often neglected lines from EC in CNO reactions, also called ecCNO
processes [60, 61]. These flux predictions were obtained by scaling the continuum
fluxes [62] with the ratios provided by Stonehill et al. [60], although these are based
on a different solar model. This inconsistency is very small compared with the overall
uncertainty of the CNO fluxes.

The endpoint Emax of a continuum spectrum is given, in vacuum, by the nuclear
transition energy. However, for the reactions taking place in the Sun one needs to
include thermal kinetic energy of a few keV. The endpoint and average energies listed
in Table 3.1 include this effect according to Bahcall [63]. For the same reason the
EC lines are slightly shifted and have a thermal width of a few keV [64], which is
irrelevant in practice for present-day experiments. The energies of the ecCNO lines
were obtained from the listed continuum endpoints by adding 2me, which agrees
with Stonehill et al. [60] except for 17F, where they show 2.761 instead of 2.758 MeV.

Except for 8B, the continuum spectra follow from an allowed nuclear β decay,
being dominated by the phase space of the final-state e+ and νe. In vacuum and
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Figure 3.2: Spectra of pp, 15O and hep neutrinos. The other CNO spectra are similar to 15O. Solid:
Tabulated spectra according to Bahcall [63]. Dashed: According to Eq. (3.1.2).
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ignoring e+ final-state interactions it is

dN

dE
∝ E2(Q− E)

√
(Q− E)2 −m2

e , (3.1.2)

where Q = Emax +me. In Fig. 3.2 (dashed lines) I show these spectra in normalized
form for the pp and hep fluxes as well as 15O, which is representative of the CNO
fluxes. I also show the spectra (solid lines), where final-state corrections and thermal
initial-state distributions are included according to Ref. [63]. (Notice that the spectra
provided on the late John Bahcall’s homepage are not always exactly identical with
those in Ref. [63].)

The 8B flux is the dominant contribution in many solar neutrino experiments
because it reaches to large energies and the detection cross section typically scales with
E2, yet it is the one with the least simple spectrum. The decay 8B→ 8Be + e+ + νe
has no sharp cutoff because the final-state 8Be is unstable against 2α decay. The νe
spectrum can be inferred from the measured α and β+ spectra. The νe spectrum
provided by Bahcall et al. [65] is shown in Fig. 3.3 as a solid line. As a dashed line it
is shown the determination of Winter et al. [66], based on a new measurement of the
α spectrum.

For comparison with keV thermal neutrinos (which we will explore in Chapter 5)
it is useful to consider an explicit expression for the solar flux at low energies where
the pp flux strongly dominates. Using the observed total pp flux from Table 3.1, we
find that an excellent approximation for the flux at Earth is

dΦpp

dE
=

832.7× 1010

cm2 s MeV

(
E

MeV

)2(
1− 2.5

E

MeV

)
. (3.1.3)

To achieve sub-percent precision, the purely quadratic term can be used for E up to
a few keV. With the next correction, the expression can be used up to 100 keV.

http://www.sns.ias.edu/~jnb/
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3.1.3 Standard solar models
The neutrino flux predictions, such as those shown in Table 3.1, depend on a
detailed solar model that provides the variation of temperature, density, and chemical
composition with radius. While the neutrino flux from the dominant pp reaction is
largely determined by the overall luminosity, the small but experimentally dominant
higher-energy fluxes depend on the branching between different terminations of
the PP chains and the relative importance of the CNO cycle, all of which depends
sensitively on chemical composition and temperature. For example, the 8B flux scales
approximately as T 24

c with solar core temperature [70] — the neutrino fluxes are
sensitive solar thermometers.

The flux predictions are usually based on a Standard Solar Model (SSM) [55],
although the acronym might be more appropriately interpreted as Simplified Solar
Model. One assumes spherical symmetry and hydrostatic equilibrium, neglecting
dynamical effects, rotation, and magnetic fields. The zero-age model is taken to be
chemically homogeneous without further mass loss or gain. Energy is transported
by radiation (photons) and convection. The latter is relevant only in the outer
region (2% by mass or 30% by radius) and is treated phenomenologically with the
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Figure 3.4: Standard Solar Model of the Barcelona group [62] with AGSS09 composition. Bottom
panel: The vertical dotted line shows RCZ, the depth of the convection zone, whereas the horizontal
lines show the initial H and He mass fractions.
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adjustable parameter αMLT to express the mixing length in terms of the pressure
scale height. Further adjustable parameters are the initial mass fractions of hydrogen,
Xini, helium, Yini, and “metals” (anything heavier than helium), Zini, with the
constraint Xini + Yini + Zini = 1. These parameters must be adjusted such that
the evolution to the present age of τ� = 4.57× 109 years reproduces the measured
luminosity L� = 3.8418 × 1033 erg s−1, the radius R� = 6.9598 × 1010 cm, and
the spectroscopically observed metal abundance at the surface, ZS, relative to that
of hydrogen, XS. These surface abundances differ from the initial ones because of
gravitational settling of heavier elements relative to lighter ones. As an example I
show in Fig. 3.4 the radial variation of several solar parameters for a SMM of the
Barcelona group [62].

The relative surface abundances of different elements are determined by spectro-
scopic measurements which agree well, for non-volatile elements, with those found
in meteorites. The older standard abundances (GS98) of Grevesse and Sauval [67]
were superseded in 2009 by the AGSS09 composition of Asplund, Grevesse, Sauval
and Scott and updated in 2015 [68,71–73]. The AGSS09 composition shows signifi-
cantly smaller abundances of volatile elements. According to Ref. [62], the surface
abundances are ZS = 0.0187± 0.0013 (GS98) and 0.0149± 0.0009 (AGSS09), the
difference being almost entirely due to CNO elements.

The CNO abundances not only affect CNO neutrino fluxes directly, but determine
the solar model through the photon opacities that regulate radiative energy transfer.
Theoretical opacity calculations include OPAL [74], the Opacity Project (OP) [75],
OPAS [76,77], STAR [78], and OPLIB [79], which for solar conditions agree within
5%, but strongly depend on input abundances.

A given SSM can be tested with helioseismology that determines the sound-speed
profile, the depth of the convective zone, RCZ, and the surface helium abundance,
YS. Ever since the first appearance of the new spectroscopic surface abundances, a
problem has appeared in that these parameters deviate significantly from the solar
values, whereas the old GS98 abundances had provided much better agreement. (See
Table 3.2 for a comparison based on recent Barcelona models.) So while SSMs with the
old GS98 abundances provide good agreement with helioseismological measurements,
they disagree with the modern measured surface abundances, whereas for the AGSS09
class of models it is the other way around. There is no satisfactory solution to this
conundrum, which is labelled as the “solar abundance problem,” although it is not
clear if something is wrong with the abundances, the opacity calculations, other
input physics, or any of the assumptions entering the SSM framework.

The PP-chains neutrino fluxes predicted by these two classes of models bracket
the measurements (Table 3.1), which however do not clearly distinguish between
them. A future measurement of the CNO fluxes might determine the solar-core CNO
abundances and thus help to solve the “abundance problem.” While it is not assured
that the two classes of models actually bracket the true case, one may speculate
that the CNO fluxes might lie between the lowest AGSS09 and the largest GS98
predictions. Therefore, this range is taken to define the flux prediction shown in
Fig. 3.1.
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Table 3.2: Main characteristics of two Barcelona SSMs [62] with GS98 and AGSS09 abundances.
RCZ is the depth of the convection zone and 〈δc/c〉 the average deviation of the sound-speed profile
relative to helioseismic measurements.

Quantity B16-GS98 B16-AGSS09 Solar [80,81]
YS 0.2426± 0.0059 0.2317± 0.0059 0.2485± 0.0035
RCZ/R� 0.7116± 0.0048 0.7223± 0.0053 0.713± 0.001

〈δc/c〉 0.0005+0.0006
−0.0002 0.0021± 0.001 —

αMLT 2.18± 0.05 2.11± 0.05 —
Yini 0.2718± 0.0056 0.2613± 0.0055 —
Zini 0.0187± 0.0013 0.0149± 0.0009 —
ZS 0.0170± 0.0012 0.0134± 0.0008 —

3.1.4 Antineutrinos
The Borexino scintillator detector has set the latest limit on the flux of solar ν̄e at
Earth of 760 cm−2 s−1, assuming a spectral shape of the undistorted 8B νe flux and
using a threshold of 1.8 MeV [82]. This corresponds to a 90% C.L. limit on a putative
νe → ν̄e transition probability of 1.3× 10−4 for Eν > 1.8 MeV.

However, in analogy to the geoneutrinos of Sec. 3.2, the Sun contains a small
fraction of the long-lived isotopes 40K, 232Th, and 238U that produce a ν̄e flux [83].
However, it is immediately obvious that at the Earth’s surface, this solar flux must
be much smaller than that of geoneutrinos. If the mass fraction of these isotopes
were the same in the Sun and Earth and if their distributions in the Earth were
spherically symmetric, the fluxes would have the proportions of M�/D

2
� vs. M⊕/R

2
⊕,

with the solar mass M�, its distance D�, the Earth mass M⊕, and its radius R⊕. So
the solar flux would be smaller in the same proportion as the solar gravitational field
is smaller at Earth, i.e., about 6× 10−4 times smaller.

The largest ν̄e flux comes from 40K decay. The solar potassium mass fraction
is around 3.5 × 10−6 [68], the relative abundance of the isotope 40K is 0.012%, so
the 40K solar mass fraction is 4× 10−10, corresponding to 8× 1023 g of 40K in the
Sun or 1.3 × 1046 atoms. With a lifetime of 1.84 × 109 years, the ν̄e luminosity is
2× 1029 s−1 or a flux at Earth of around 100 cm−2 s−1. With a geo-ν̄e luminosity of
around 2× 1025 s−1 from potassium decay (Sec. 3.2), the average geoneutrino flux is
5× 106 cm−2 s−1 at the Earth’s surface, although with large local variations.

An additional flux of higher-energy solar ν̄e comes from photo fission of heavy
elements such as uranium by the 5.5 MeV photon from the solar fusion reaction
p+ d→ 3He + γ [83]. One expects a ν̄e spectrum similar to a power reactor, where
the fission is caused by neutrons. However, this tiny flux of around 10−3 cm−2 s−1 is
vastly overshadowed by reactor neutrinos.

3.1.5 Flavor conversion
While solar neutrinos are produced in the νe flavor, the flux at Earth shown in
Fig. 3.1 (top) has a different flavor composition because of flavor conversion on the
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way out of the Sun. The long distance of travel between Sun and Earth relative
to the vacuum oscillation length implies that the different propagation eigenstates
effectively decohere, so we can picture the neutrinos arriving at Earth to be mass
eigenstates. These can be re-projected on interaction eigenstates, notably on νe, if
the detector is flavor sensitive.

Flavor conversion of solar neutrinos is almost perfectly adiabatic and, because
of the hierarchy of neutrino mass differences, well approximated by an effective
two-flavor treatment. The probability of a produced νe to emerge at Earth in any of
the three mass eigenstates is given by Eq. (B.12) and the probability to be measured
as a νe, the survival probability, by Eq. (B.13). For the limiting case of very small
Eν , the matter effect is irrelevant and

P vac
ee =

1 + cos2 2θ12

2
cos4 θ13 + sin4 θ13 = 0.533, (3.1.4)

corresponding to the best-fit mixing parameters in normal ordering. In the other
extreme of very large energy or a very large matter density, one finds

P∞ee =
1− cos 2θ12

2
cos4 θ13 + sin4 θ13 = 0.292. (3.1.5)

These extreme cases are shown as horizontal dashed lines in the lower panel of
Fig. 3.1. Otherwise, Pee depends on the weak potential at the point of production,
so Pee for a given Eν depends on the radial source distributions in the Sun. These
are shown in Fig. 3.5 according to an AGSS09 model of the Barcelona group, using
the best-fit mixing parameters in normal ordering. Notice that these distributions
for the EC-CNO reactions have not been provided, but would be different from the
continuum processes. The survival probabilities for the different source processes are
shown in the lower panel of Fig. 3.1. As we can see from the radial distributions of
the 8B and hep processes, the corresponding curves in Fig. 3.1 essentially bracket
the range of survival probabilities for all processes.

While neutrinos arriving at Earth have decohered into mass eigenstates, propaga-
tion through the Earth causes flavor oscillations, producing coherent superpositions
at the far end. So if the solar flux is observed through the Earth (“at night”), this
small effect needs to be included. This day-night asymmetry for the 8B flux was
measured by the Super-Kamiokande detector to be [84,85]

ADN =
Φday − Φnight

(Φday + Φnight)/2
= (−3.3± 1.0stat ± 0.5syst)% , (3.1.6)

corresponding to a 2.9σ significance. As measured in νe, the Sun shines brighter at
night!

The energy-dependent νe survival probability for 8B neutrinos shown in the lower
panel of Fig. 3.1 implies a spectral deformation of the measured flux relative to the
8B source spectrum. The latest Super-Kamiokande analysis [85] is consistent with
this effect, but also consistent with no distortion at all.
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3.1.6 Observations and detection perspectives
Solar neutrino observations have a 50-year history, beginning in 1968 with the
Homestake experiment [86,87], a pioneering achievement that earned Raymond Davis
the Physics Nobel Prize (2002). Homestake was based on the radiochemical technique
of 37Cl(νe, e

−)37Ar and subsequent argon detection, registering approximately 800
solar νe in its roughly 25 years of data taking that ended in 1994. Since those early
days, many experiments have measured solar neutrinos [88], and in particular Super-
Kamiokande [85], based on elastic scattering on electrons measured by Cherenkov
radiation in water, has registered around 80,000 events since 1996 and has thus become
sensitive to percent-level effects. The chlorine experiment was mainly sensitive to 8B
and 7Be neutrinos, whereas the lowest threshold achieved for the water Cherenkov
technique is around 4 MeV and thus registers only 8B neutrinos.

Historically, the second experiment to measure solar neutrinos (1987–1995) was
Kamiokande II and III in Japan [89,90], a 2140 ton water Cherenkov detector, which
at first however registered the neutrino burst from SN 1987A on 23 February 1987,
feats which earned Masatoshi Koshiba the Physics Nobel Prize (2002).

The lower-energy fluxes, and notably the dominant pp neutrinos, became ac-
cessible with gallium radiochemical detectors using 71Ga(νe, e

−)71Ge. GALLEX
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Figure 3.5: Normalised distribution of neutrino production for the indicated source reactions
according to the SSM of the Barcelona group [62] with AGSS09 composition. In the CNO cycle,
the 17F distribution is very similar to that of 15O.
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(1991–1997) and subsequently GNO (1998–2003), using 30 tons of gallium, were in-
stalled in the Italian Gran Sasso National Laboratory [91–93]. The SAGE experiment
in the Russian Baksan laboratory, using 50 tons of metallic gallium, has taken data
since 1989 with published results until 2007 [94]. However, the experiment keeps
running [95], mainly to investigate the Gallium Anomaly, a deficit of registered νe
using laboratory sources [96], with a new source experiment BEST [97].

A breakthrough was achieved by the Sudbury Neutrino Observatory (SNO) in
Canada [98, 99] that took data in two phases over the period 1999–2006. It used
1000 tons of heavy water (D2O) and was sensitive to three detection channels:
(i) Electron scattering ν + e → e + ν, which is dominated by νe, but has a small
contribution from all flavors and is analogous to normal water Cherenkov detectors.
(ii) Neutral-current dissociation of deuterons ν + d→ p+ n+ ν, which is sensitive to
the total flux. (iii) Charged-current dissociation νe +d→ p+ p+ e, which is sensitive
to νe. Thus one could directly compare the total ν flux with the νe one, confirming
flavor conversion, an achievement honored with the Physics Nobel Prize (2015) for
Arthur MacDonald.

Another class of experiments uses mineral oil to detect the scintillation light
emitted by recoiling electrons in ν + e→ e+ ν. One instrument is KamLAND, using
1000 tons of liquid scintillator, that has taken data since 2002. It was installed in
the cave of the decommissioned Kamiokande water Cherenkov detector. Its main
achievement was to measure the ν̄e flux from distant power reactors to establish
flavor oscillations, it has also measured the geoneutrino flux, and today searches for
neutrinoless double beta decay. In the solar neutrino context, it has measured the
7Be and 8B fluxes [100,101].

After flavor conversion has been largely settled, the focus in solar neutrino research
is precision spectroscopy, where the 300 ton liquid scintillator detector Borexino in
the Gran Sasso Laboratory, which has taken data since 2007, plays a leading role
because of its extreme radiopurity. It has spectroscopically measured the pp, 7Be,
pep and 8B fluxes and has set the most restrictive constraints on the hep and CNO
fluxes [102]. The detection of the latter remains one of the main challenges in the
field and might help to solve the solar opacity problem.

Future scintillator detectors with significant solar neutrino capabilities include the
1000 ton SNO+ [103], using the vessel and the infrastructure of the decommissioned
SNO detector, JUNO in China [104], a shallow 20 kton medium-baseline precision
reactor neutrino experiment that is under construction, and the proposed 4 kton
Jinping neutrino experiment [105] that would be located deep underground in
the China JinPing Laboratory (CJPL). Very recently, the SNO+ experiment has
measured the 8B flux during its water commissioning phase [106].

The largest neutrino observatory yet will be the approved Hyper-Kamiokande
experiment [107], a 258 kton water Cherenkov detector (187 kton fiducial volume)
that would register 8B neutrinos, with a threshold of 4.5 MeV visible energy and
with a rate of 130 neutrinos per day.

Other proposed experiments include THEIA, which would be the realization
of the Advanced Scintillator Detector Concept (ASDC) [108]. The latter would
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take advantage of recent developments in water based liquid scintillators and other
technological advancements, with the physics case ranging from neutrinoless double
beta decay and supernova neutrinos, to beyond Standard Model physics [109].
The liquid argon scintillator project DUNE, to be built for long-baseline neutrino
oscillations, could also have solar neutrino capabilities [110].

Remarkably, the idea of using Dark Matter experiments to detect solar neutrinos
has been proposed, taking advantage of coherent neutrino scattering on large nuclei
[111]. For example, liquid argon based WIMP direct detection experiments could be
competitive in the detection of CNO neutrinos [112].

3.2 Geoneutrinos
Our knowledge of the Earth’s structure and composition is very poor yet. The deepest
hole dug into our planet is around 10 km. Seismic wave studies and geo-chemical
rock analysis give a broad picture, but only geoneutrinos (the neutrinos emitted
by the radioactive decay of Earth elements) can be employed as direct probes to
explore the Earth structure. The detection of geoneutrinos would allow us to asses
the energy budget of the Earth and estimate the amount of the radiogenic heat
eventually driving plate tectonics. The detection of geoneutrinos became possible
only about a decade ago thanks to the development of neutrino detectors with an
extremely low background.

In the following, I will review the production mechanisms and the detection
opportunities of geoneutrinos. I refer the reader to dedicated review papers for more
details [113–116].

3.2.1 Production mechanisms

Geoneutrinos are the electron neutrinos and antineutrinos produced in the decay of
radioactive elements with lifetime comparable to the age of the Earth, the so-called
heat producing elements (HPE). The HPE have a non trivial distribution over the
Earth interior. Geoneutrinos carry information on the HPE abundance and possibly
their distribution.

Geoneutrinos provide constraints on the determination of the fraction of radiogenic
heat contributing to the total surface heat flux and provide indirect information on
plate tectonics, mantle convection, generation of the Earth magnetic field, as well as
the processes that led to the Earth formation.

In the Earth, 99% of the radiogenic heat is produced in the decay chains of 232Th,
238U and 40K. The main reactions are:

238U → 206Pb + 8α + 8e− + 6ν̄e + 51.7 MeV , (3.2.1a)
232Th → 208Pb + 6α + 4e− + 4ν̄e + 42.7 MeV , (3.2.1b)

40K → 40Ca + e− + ν̄e + 1.31 MeV (89.3%) , (3.2.1c)
40K + e− → 40Ar∗ + νe + 0.044 MeV (10.7%) . (3.2.1d)
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Figure 3.6: Electron geoneutrino flux at production, before flavor oscillations, with various contri-
butions from different reactions. The grey dashed line corresponds to the threshold for inverse beta
decay reactions.

A contribution from 235U is also present, however, its isotopic abundance is small.
In addition, 1% of the radiogenic heat is coming from the decay of 87Rb, 138La and
176Lu. Note that antineutrinos are mostly produced, while neutrinos are only coming
from 40K and have very low energy. Hence, in contrast to the Sun, the Earth shines
in antineutrinos.

The differential geoneutrino flux at the position r on Earth is given by the isotope
abundances ai(r

′) for any isotope i at the position r′ and integrating over the entire
Earth; neglecting matter effects one has

Φν̄e
(E, r) =

∑
i

Ai
dni
dE

∫
⊕ d3r′

ai(r
′)ρ(r′)Pee(E, |r− r′|)

4π|r− r′|2
, (3.2.2)

where dni
dE

is the ν̄e energy spectrum for each decay mode, Ai is the decay rate per
unit mass, ρ(r) is the rock density, and Pee the ν̄e survival probability.

The geoneutrinos produced by each of these reactions (and before flavor oscilla-
tions) have different spectra which depend on the possible decay branches, as shown
in Fig. 3.6. The resulting geoneutrino spectrum extends up to 3.26 MeV. However,
the contribution to this spectrum coming from 40K is not detectable because only
geoneutrinos with energies above 1.8 MeV (the kinematic threshold for inverse-beta
decay reaction off protons) are detectable. One can see that a large fraction of the
heat arises from the decay chains of uranium and thorium. The resulting flux at
Earth is Φν̄e

' 2× 106 cm−2 s−1. This flux is comparable with the electron neutrino
from 8B decay from solar neutrinos. On the other hand, as we will see in the following,
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Table 3.3: Neutrino fluxes, radiogenic heat production in TW, and the mantle signal in terrestial
neutrino unit (number of interactions detected on a target of 1032 protons in one year with maximum
efficiency) [114] produced by 238U and 232Th and observed in KamLAND [117] and Borexino [118] .

Production
channel

Experiment ν̄e Flux (106 cm−2 s−1) Radiogenic heat
production (TW)

Mantle signal
(TNU)

238U + 232Th KamLAND 3.4+0.8
−0.8 11.2+7.9

−5.1 5.0± 7.3

238U (232Th) Borexino 2.7+0.7
−0.7 (2.3+0.6

−0.6) 26–36 15.4± 12.3

detecting geoneutrinos is more challenging than detecting 8B solar neutrinos because
of their typical energies.

As will be discussed in the next section and shown in Eq. (3.2.2), to estimate the
geoneutrino signal at a certain location, one needs to know the absolute amount and
distribution of HPE. Although the crust composition is relatively well known, the
mantle composition is quite uncertain. Usually, the signal from HPE in the crust is
computed on the basis of the total amount of HPE coming from the bulk silicate
Earth (BSE) model, i.e., the model describing the Earth region outside its metallic
core; then the corresponding amount of elements in the mantle is extrapolated.
The content of elements in the Earth mantle can be estimated on the basis of
cosmochemical arguments, implying that abundances in the deep layers are expected
to be larger than the ones expected in the upper samples. Given their chemical
affinity, the majority of HPE are in the continental crust; this is useful as most of the
detectors sensitive to geoneutrinos are in the continental crust and the corresponding
event is dominated by the Earth contribution. Usually the continental crust is further
divided in upper, lower and middle continental crust. Among existing detectors,
Borexino is placed on a continental crust in Italy, while KamLAND is in a complex
geological structure around the subduction zone.

3.2.2 Earth modeling
The Earth was created by the accretion from undifferentiated material. Chondritic
meteorites seem to resemble this picture as for composition and structure. The
Earth can be divided in five regions according to seismic data: core, mantle, crust
(continental and oceanic), and sediment. The mantle is solid but it is affected by
convection that is responsible for plate tectonics and earthquakes.

Seismology has shown that the Earth is divided into several layers that can be
distinguished by discontinuities in the sound speed. Although seismology allows
the reconstruction of the density profile of the Earth, it cannot determine the
Earth composition. The basic structure of the Earth’s interior is defined by the 1D
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seismological profile dubbed preliminary reference Earth model (PREM). The PREM
model is the basis for the estimation of the geoneutrino production in the mantle.
Meanwhile, thanks to seismic tomography, a 3D view of the mantle structure became
available. Differences with respect to the 1D PREM model are, however, negligible
for what concerns the geoneutrino estimation.

As discussed in the previous section, uranium and thorium are the main HPE
producing geoneutrinos. After the metallic core of the Earth separated, the rest of
the Earth was made by a homogeneous primitive mantle mainly composed of silicate
rocks that then led to the formation of the present mantle and crust.

The Earth outer layer is a thin crust which accounts for 70% of the geoneutrino
production. The crust is supposed to host about one half of the total uranium content.
The lithophile elements (uranium and thorium) tend to cluster in liquid phase and
therefore concentrate in the crust. The Earth crust is either oceanic or continental.
The oceanic crust is young and less than 10 km thick. The continental crust is
thicker, more heterogeneous and older that the oceanic counterpart. The crust is
vertically stratified in terms of its chemical composition and is heterogeneous. The
HPE are distributed both in the crust and in the mantle. The expected geoneutrino
flux is very different for different portions of the crust; in particular, the continental
crust is about one order of magnitude richer in HPE than the oceanic crust. The
continental crust is 0.34% of the Earth’s mass, but it contains 40% of U and Th
budget.

The mantle can be divided in upper and lower mantle. The mantle is a layer
of pressurized rocks at high temperature. However, seismic discontinuities between
the two parts do not divide the mantle into layers. We do not know whether the
mantle moves as single or multiple layers, its convection dynamics and whether it is
homogeneous or heterogeneous in composition. The available observational data for
the mantle are scarce and are restricted to the uppermost part. The inner part is
the core, which accounts for 32% of the Earth’s mass. The core is made by iron with
small amounts of nickel. Because of their chemical affinity, U and Th are believed to
do not be present in the Earth core. Two models have been proposed to describe
the mantle. One is a two-layer model with a demarcation surface and a complete
insulation between the upper mantle (poor of HPE) and the lower layer. Another
one is a fully mixed model, which is favored by seismic tomography. Concerning the
estimation of the related geoneutrino flux, both models foresee the same amount of
HPE; however, their geometrical distribution changes. In the following, I assume
a homogeneous distribution of U and Th in the mantle. Geophysicists proposed
models of mantle convection predicting that 70% of the total surface heat flux comes
from radioactive isotopes. Geochemists estimate this figure is 25%. So there is a
large spread.

The BSE models adopted to estimate the geoneutrino flux have been divided in
three classes: geochemical, geodynamical and cosmochemical models. Geochemical
BSE models are based on the fact that the composition of carbonaceous chondrites
matches the solar photospheric abundances in the refractory lithophile and siderophile
elements. A typical value of the bulk mass Th/U ratio is 3.9. Geodynamical
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Figure 3.7: Earth map of the expected geoneutrino and reactor neutrino flux (νe/cm2/s); figure
from Ref. [119], which provides an erratum to the original figure [120].

BSE models look at the amount of HPE needed to sustain the mantle convection.
Cosmochemical models are similar to the geochemical models, but assume a mantle
composition based enstatite chondrites, and yield a lower radiogenic abundance.

A reference BSE model to estimate the geoneutrino production is the starting
point for studying the expectations and potential of various neutrino detectors. It
should incorporate the best available geochemical and geophysical information. Note
that the geoneutrino flux is strongly dependent on the Earth location (r) at which
this is measured. Hence, the one shown here is only representative. In Fig. 3.7 I show
a contour map of the flux of geoneutrinos and reactor neutrinos (Sec. 3.3) expected
from the U and Th decay chains.

The geoneutrino flux is used to estimate our planet’s radiogenic heat production
and to constrain the composition of the BSE model. A leading BSE model [121]
predicts a radiogenic heat production of 8 TW from 238U, 8 TW from 232Th and
4 TW from 40K. This would be about half of the heat dissipation rate from the
Earth’s surface (which is about 50 TW). According to the measurements of the
concentrations of Th and U in the chondritic meteorites, the concentration mass
ratio of Th to U in the Earth is 3.9. Currently, the uncertainties on the neutrino
fluxes are as large as the predicted values.

The neutrino event rate is usually expressed in the literature in the so-called
terrestrial neutrino unit (TNU), which stands for the number of interactions detected
on a target of 1032 protons (roughly correspondent to 1 kton of liquid scintillator)
in one year with maximum efficiency. The neutrino event rates S due to Th and U
decay can be expressed as

S[TNU](232Th) = 4.07 Φν̄e
(3.2.3a)

S[TNU](238U) = 12.8 Φν̄e
(3.2.3b)

where Φν̄e
is the electron antineutrino flux in units of 106 cm−2 s−1.
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3.2.3 Detection opportunities
Geoneutrinos were considered in the first attempts of detecting neutrinos, at the
Hanford nuclear reactor by Reines and Cowan. The first estimate of the geoneutrino
flux was from Reines, but at that time unavoidable backgrounds made the detection
very hard. In the 1960s, geoneutrinos were for the first time reported in the literature
by Eder [122] and then Marx a few years later [123].

The first experiment that observed geoneutrinos was KamLAND, a liquid scintil-
lator detector located in the Kamioka mine. In 2005, KamLAND found evidence
for 28 neutrino events from Th and U decay with a two years exposure [124]. The
detector employs a delayed coincidence method, since inverse beta decay on protons
(the main interaction channel) produces two correlated signals: a prompt signal given
by the slowing down positron and a delayed γ-ray event due to neutron capture.
This strategy allowed for an excellent signal discrimination. This was an extremely
challenging measurement, because it required the detection of about one geoneutrino
per month to be distinguished from a background that is five times larger. Muon
tagging efficiency decreased over time due to a gradual increase of failures of the
photomultipliers. Recently, KamLAND replaced the damaged photomultipliers and
improved the light collection efficiency [125].

Recent results from KamLAND [117,126] are reported in Table 3.3. The observed
event rate agrees with predictions from the BSE models within 2σ. The estimated
radiogenic heat is found to be smaller than the heat flow from the Earth surface
(47± 2 TW), hence indicating secular cooling of the Earth. KamLAND data tend to
disfavor the geodynamical model with the homogeneous hypothesis at 89% C.L., but
it is still consistent at 2σ. Cosmochemical and geochemical models are still consistent
with the data within 1σ.

Another experiment that has been able to detect geoneutrinos is Borexino, a
liquid scintillator detector located in the Gran Sasso National Laboratory in Italy.
Borexino measured geoneutrinos in 2010 for the first time [118]. I report the results
in Table 3.3. By exploiting the different endpoints of the U and Th geoneutrino
energy spectra, Borexino measures the bulk of uranium to thorium in the Earth
and can provide an estimation of the overall Earth’s radiogenic heat power. With a
larger exposure, Borexino will also be able to separate the U and Th contributions.
Studies of the layers of the crust up to the mantle in the Gran Sasso area allow
us to estimate the fraction of neutrinos produced in the crust and in the mantle.
According to Borexino, 70% of the emitted heat is due to radiogenic power.

KamLAND and Borexino tried to extract the individual U and Th contributions
by removing the chondritic constraint from the spectral fits. Borexino observed
S(U)/S(Th) ' 2.5 and KamLAND 14.5. Both results are not in contradiction and
compatible at 1σ with the chondritic values. Estimated values for the mantle signal
are shown in Table 3.3. KamLAND seems to find a smaller mantle signal than
Borexino. This points towards an interesting difference in the mantle structure
between the two locations. However, current uncertainties are still too large to
extrapolate conclusions.

Antineutrinos from nuclear power plants are the main background for geoneutrino
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detection. Negligible backgrounds come from atmospheric neutrinos and the diffuse
supernova neutrino background. Other spurious signals may also come from intrinsic
detector contamination, from cosmogenic sources and from random coincidences
of non-correlated events. Because there are no nuclear power plants in Italy, the
reactor flux in Borexino is 4–5 lower than in KamLAND. An event rate of 5 and 21
geoneutrino events/year is then expected in Borexino and KamLAND with 100%
efficiency [114].

Several experiments, at different development stages, will improve our knowledge
on geoneutrinos. For example, SNO+ [127] in Canada expects a rate of 20 geoneu-
trinos/year. The site is in the old continental crust containing felsic rocks which
are rich in U and Th. The crust at the SNO+ location is especially thick, about
40% more than the Gran Sasso and Kamioka ones. JUNO in China also plans to be
sensitive to geoneutrinos. Finally, there is Hanohano [128], which is proposed to be
built in Hawaii. The latter would be a 5 kton detector on the ocean crust. Since the
oceanic crust is thin, most of the neutrinos that Hanohano will measure will come
from the mantle (75% of the signal).

3.3 Reactor neutrinos
Neutrinos produced by nuclear power plants have been fundamental to the study of
neutrino properties. The very first direct detection of the neutrino was performed
using reactors in the previously mentioned experiment conducted by Cowan and
Reines in the 1950s. More recently, reactor neutrinos have been exploited to measure
some of the neutrino mass and mixing parameters. Nowadays, they are still used to
explore other issues, ranging from mass ordering to the search for sterile neutrinos.
This section is devoted to a brief introduction to this topic; see also Refs. [47,129,130].
Let me stress that reactor neutrinos are the main contribution to man-made neutrino
fluxes, and do not discuss several other possible sources like accelerators, where
neutrinos can be produced by pion decay in flight, muon decay at rest and beam
dump.

3.3.1 Production and detection of reactor neutrinos

Reactor neutrinos are produced in nuclear power plants through β-decay of neutron-
rich nuclei. The main contributions come from 235U (55%), 239Pu (32%), 238U (7%)
and 241Pu (6%), where the percentages vary over time and I reported typical average
values of fission fractions during operation. In addition, below the threshold of
inverse beta decay Emin = 1.8 MeV there is another neutrino source due to neutron
captures; the most important is the decay of 239U produced by the neutron capture
of 238U, which is usually written as 238U(n, γ)239U. A basic estimate of the flux from
a reactor is obtained as follows. On average the energy produced in a fission event is
about 200 MeV, and the number of νe emitted in the subsequent chain is about 6.
A nuclear power plant producing 1 GW of thermal power will then produce a flux of
2× 1020 s−1 electron antineutrinos.
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Figure 3.8: The νe energy spectra for 235U, 238U, 239Pu, and 241Pu fissions. The inverse beta decay
threshold is marked by the vertical dashed line. At low energies, the dominant contribution is due
to neutron capture processes 238U(n, γ)239U (here rescaled by a factor 1/20).

Obtaining the differential energy spectrum of reactor neutrinos is a much more
complicated task, as many different decay branches must be taken into account. In
the last 50 years two main approaches have been used. One method predicts the
time dependent total flux by summing over all the possible beta decay branches.
The problem with this approach is in the large uncertainties plaguing the calculated
spectrum: the fission yields and the endpoint energies are often not well known, one
needs a good model for the Coulomb corrections entering the Fermi function, and so
forth. The alternative is to use the measured electron spectrum for different decay
chains, which can be inverted taking advantage of the relation

Eν = Ee + Tn +mn −mp ' Ee + 1.293 MeV (3.3.1)

where Tn is the small recoil kinetic energy of the neutron and Ee is the energy of the
outgoing positron.

Until 2011, the standard results were the ones obtained by Vogel and Engel [131].
In the same year, two papers with different approaches recalculated the spectrum
at energies larger than 2 MeV, one by Huber [132] and one Mueller et al. [133]. In
Fig. 3.8 I show the spectrum due to the dominant processes as reported in Table II of
Ref. [131] for energies smaller than 2 MeV, while for larger energies I use Tables VII
to IX from Ref. [132] for 235U, 239Pu and 241Pu and Table III of Ref. [133] for
238U; finally, the low-energy spectrum of neutron capture 238U(n, γ)239U are directly
extracted from Ref. [130]. Notice that best fits to these tables are reported in the
above-mentioned references.

The detection of reactor neutrinos typically relies on the inverse beta decay on
proton, νe + p → n + e+. The cross section is usually expressed in terms of well
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measured quantities such as the neutron lifetime τn and the electron mass me [134],

σνepCC =
2π2

τnm
5
ef
Ee

√
E2
e −m2

e (3.3.2)

where f is the dimensionless phase-space integral

f =

∫ mn−mp

me

dEe
(mn −mp − Ee)2Ee

√
E2
e −m2

e

m5
e

(3.3.3)

where I neglected the small recoil kinetic energy of the neutron. The detection will
feature a prompt signal due to the positron, followed by the recoil neutron capture.
Alternatives to this process are given by charged and neutral current deuteron
break-up using heavy water, antineutrino-electron elastic scattering, and coherent
antineutrino-nucleus interactions [129].

The left panel of Fig. 3.9 shows the typical flux for a reactor like the Japanese
JOYO [135], which has a thermal power of 140 MW and a detector located at 24.3 m.
The convolution of the flux with the cross section (right panel of Fig. 3.9) shows
that the interactions in the detector peak for νe with energy around 4 MeV. While
the quantitative details strongly depend on the reactors and on the detector, several
general features can be pointed out [129]. First, the large threshold implies that
only reactions with large Q-value can be observed, so that only one fourth of the
total antineutrinos produced can be detected. Another important point is that
reactors shutdowns can be used to better measure the background, and the intensity
of the flux is proportional to the thermal power, which is accurately measured.
Moreover, the flux is very large, so that reactor neutrino experiments do not need
large shielding against cosmic ray background, which will be discussed in Chapter 4.
All these advantages make reactor neutrinos a fundamental tool for the measurement
of neutrinos properties such as mixing angles and mass differences. The flavor
conversion will follow the same logic as the solar neutrino oscillations described in
Sec. 3.1.5, App. A and App. B, the main difference being that matter effects play a
smaller role.

3.3.2 Measurements
As already mentioned, reactor experiments were the first successful attempt to detect
the elusive neutrinos. The proposal of using inverse beta decay to observe neutrinos
dates back to Bethe and Peierls, but it was only in 1953 that Reines and Cowan
started their experiments at Hanford and Savanah River which directly detected
neutrinos for the first time. Nuclear power plants have been employed in the following
decades to measure neutrino properties many times. Reactor neutrinos helped to
confirm the existence of a non-zero mass for neutrinos, which was established by
solar neutrino measurements as described in Sec. 3.1.6.

The measurements of θ12 and δm2 by KamLAND and solar neutrino experiments,
as well as measurements with atmospheric neutrinos of θ23 and ∆m2 by experiments
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Figure 3.9: Left panel: typical reactor neutrino flux (here the Japanese JOYO reactor [135] is used
as an example). Right panel: energy distribution of the neutrinos interacting in the detector, in
arbitrary units; neutrinos are measured about the inverse beta decay threshold and their interaction
peaks around 4 MeV.

such as Super-Kamiokande [136], motivated the search for the third mixing angle,
θ13. It looked natural for it to be large as the other two parameters. Nevertheless,
both the CHOOZ [137] and Palo Verde [138] experiments, searching for electron
antineutrino disappearance, found measurements compatible to zero in the late 1990s
to early 2000s. It has been only recently with a new generation of reactor experiments
(Double Chooz [139], Daya Bay [140], and RENO [141]) that a non-zero value for θ13

has been measured with large significance.
In the near future, reactor neutrinos such as JUNO will set out to measure the

mass ordering and to access to neutrino mixing parameters with high precision.
Moreover, physics beyond the Standard Model could potentially be discovered. As
an example, recent reactor antineutrino observations suggested νe disappearance
from a deficit in the measured antineutrino events compared to the theoretical
prediction based on the the reactor antineutrino flux calculations [142]. The latter
has also been interpreted in terms of the existence of an additional eV mass sterile
neutrino [143,144].

3.4 Neutrinos from exploding stars: supernova
neutrinos

The core collapse of a massive star within a few seconds releases the gravitational
binding energy of a neutron star Eb ∼ 3× 1053 erg in the form of neutrinos and this
is known as supernova (SN) explosion. The energy released is roughly comparable to
the energy of all stars in the Universe within the same period. While the neutrino
burst from the next nearby SN would be a milestone for neutrino astronomy, it is a
transient signal and thus not part of the GUNS. The topic of supernova neutrinos
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is rather technical; I here summarize the main features of core-collapse neutrino
emission (see Refs. [145–148] for reviews) primarily as an ingredient for the diffuse
SN neutrino background (DSNB) presented in Sec. 3.5.

3.4.1 Generic features of supernova neutrinos

At the end of its life, the compact core of an evolved star becomes unstable and
collapses to nuclear density, where the equation of state stiffens. At this core bounce,
a shock wave forms, moves outward, and ejects most of the mass in the form of a
SN explosion, leaving behind a compact remnant that cools to become a neutron
star (NS). Typical NS masses are around 1.5M�, with 2M� the largest observed
case. The radius is 12–14 km, the exact value and NS structure depending on the
nuclear equation of state. Within these uncertainties one expects the release of
around Eb = 3× 1053 erg or 2× 1059 MeV of gravitational binding energy [149].

This huge amount of energy must appear in the form of neutrinos because the
interaction rate of γ and e± is so large that they contribute little to energy transfer
in dense matter, whereas gravitons interact far too weakly to be effective. Moreover,
in hot nuclear matter the neutrino mean free path is short compared to the geometric
dimension of the collapsed object, so ν and ν̄ of all flavors thermalize, for example
by nucleon-nucleon bremsstrahlung and other processes. So, very approximately we
may think of the collapsed SN core as a blackbody source for ν and ν̄ of all flavors.

The diffusion character of neutrino transport leads to an estimated time of
a few seconds for most of the energy trapped in the NS to escape. The emission
temperature depends on radiative transfer in the decoupling region (“neutrino sphere”)
and one finds 3–5 MeV, which means that neutrino energies are 10–15 MeV after
their decoupling [149]. This scale is similar to that of solar and geoneutrinos, where
however it is set by nuclear physics. So one expects the emission of around 3× 1057

particles for each of the six ν and ν̄ species.
Besides energy, the SN core must also radiate lepton number (deleptonization).

The final NS contains only a small proton (or electron) fraction, while the collapsing
material, consisting of chemical elements between O and Fe, initially has an electron
fraction Ye = 0.46–0.5. A baryonic mass of 1.5M� corresponds to 2× 1057 nucleons,
implying that 1× 1057 units of electron lepton number must escape in the form of
νe, ignoring for now flavor conversion. Comparison with the estimated 6× 1057 of νe
plus ν̄e to be radiated by the required energy loss reveals a significant excess of νe
over ν̄e emission.

The basic picture of neutrino energies and time scale of emission was confirmed
on 23 February 1987 by the neutrino burst from SN 1987A in the Large Magellanic
Cloud with a total of about two dozen events in three small detectors [150–152].
However, the data was too poor for detailed quantitative tests. The next nearby
SN would provide high statistics, especially in Super-Kamiokande, in IceCube, or in
other upcoming large detectors such as Hyper-Kamiokande or DUNE. The expected
large number of neutrino evens in these detectors may show detailed imprints of SN
physics.
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3.4.2 Generic features of the neutrino signal
The standard paradigm of core-collapse SNe has evolved over decades of numerical
modeling [145,148], originally in spherical symmetry (1D) and over the past years
with 3D models. After the collapse has begun and when the density exceeds some
1012 g cm−3, neutrinos are entrained by the infalling matter because of coherent
scattering on large nuclei. When nuclear density of 3 × 1014 g cm−3 is reached,
the core bounces and a shock wave forms within the core at an enclosed mass of
around 0.5M�. As the shock propagates outward, it loses energy by dissociating
iron and eventually stalls at a radius of some 150 km, while matter keeps falling
in. Meanwhile the neutrino flux streaming through this region deposits some of its
energy, rejuvenating the shock wave, which finally moves on and ejects the outer
layers. It leaves behind a hot and dense proto neutron star (PNS), which cools
and deleptonizes within a few seconds. This is the essence of the neutrino-driven
explosion mechanism, also called delayed explosion mechanism or Bethe-Wilson
mechanism [153].

The corresponding neutrino signal falls into three main phases: a prompt burst,
an accretion phase, and an explosion, followed by cooling.

Prompt Burst.—Soon after bounce, the shock wave breaks through the edge of the
iron core, liberating a prompt νe burst that corresponds to a significant fraction of
the total lepton number and is therefore also called the deleptonization burst or
neutronization burst. During the post-bounce time window −20 ms to 60 ms, the
SN core radiates about 5% of the total energy that corresponds to the period shown
in the rightmost panels, whereas it radiates 0.4× 1057 units of lepton number, i.e.,
around 50% of what is emitted over the full period. The features of the prompt-burst
phase are thought to be essentially universal [154,155].

Accretion Phase.—As the shock wave stalls, neutrino emission is due to the accretion
flow of matter onto the SN core, emitting νe and ν̄e with almost equal luminosities,
but somewhat different average energies, so the νe particle flux is about 20% larger
than the ν̄e one. The production and interaction is mostly by β processes on protons
and neutrons. Heavy-flavor ν and ν̄, on the other hand, are produced in pairs from
deeper layers, with a smaller radiating region and therefore smaller fluxes. Their
average energies, however, are very similar to that of ν̄e.

Explosion.—Spherically symmetric numerical models do not explode except for the
smallest-mass progenitors, so the duration of the accretion phase, and if an explosion
occurs at all, can not be inferred from these models. The quenching of accretion
strongly reduces the νeν̄e luminosity which drops to the component provided by core
emission.

Cooling.—The remaining evolution consists of cooling and deleptonization of the PNS.
The luminosity is essentially equipartitioned among the six species, whereas 〈Eνe〉
is smaller than the others, i.e., there is a net lepton number flux. The quantitative
details depend strongly on the PNS mass and the nuclear equation of state.
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The instantaneous neutrino spectra are quasi thermal, but do not follow exactly a
Fermi-Dirac distribution. Rather they are “pinched,” which means that the spread of
energies around the mean is less than in the thermal case. Phenomenologically, the
numerical spectra are well described by a Gamma distribution of the form [156,157]

f(E) ∝
(
E

Eav

)α
exp

[
−(α + 1)E

Eav

]
, (3.4.1)

where α is the “pinching parameter” with α = 2 corresponding to a Maxwell-
Boltzmann distribution. For any α, the parameter Eav matches 〈E〉, whereas α is
fixed to match, for example, 〈E2〉 of the numerical spectrum by

α =
(
2〈E〉2 − 〈E2〉

)
/
(
〈E2〉 − 〈E〉2

)
. (3.4.2)

In addition, the overall normalization is fixed to match the numerical case. The
pinching is largest for νe, especially during the prompt burst, and smallest for νx.

Assuming this scenario to capture the main features of a SN neutrino signal,
one still expects large case-by-case variations depending on progenitor properties.
The lowest-mass SN progenitors (about 8–10M�) become unstable due to electron
capture before nuclear burning of their O-Ne-Mg core can be ignited, so they never
reach an iron core. These “electron capture SNe” or “O-Ne-Mg-core SNe” could
represent 30% of all cases because the initial mass function decreases rapidly with
increasing mass.

3.4.3 Failed explosions
For higher-mass progenitors, numerical models do not explode. It remains open
if this question depends, for example, on quantitative details of neutrino energy
transfer and 3D effects, on details of the progenitor models, or if a crucial piece of
input physics is missing. Moreover, probably not all collapsing stellar cores lead to
successful explosions — the class of failed SNe, leaving a black hole (BH) instead
of a NS as a compact remnant. Using the “compactness parameter” as a criterion,
recent theoretical work hints that up to 40% of all collapsing cores may lead to BH
formation [158–160].

The cosmic star-formation rate predicts perhaps twice the observed SN rate at
high redshifts, suggesting a significant fraction of failed explosions [161,162]. Likewise,
the “red supergiant problem” suggests a cutoff of around 18M� in the mass range
of identified SN progenitors [163, 164]. A significant fraction of failed SNe would
also naturally explain the compact-object mass distribution [165]. Motivated by
these hints, a survey looks for disappearing red supergiants in 27 galaxies within
10 Mpc with the Large Binocular Telescope [166]. Over the first seven years, ending
in early 2016, this survey found six core-collapse SNe and one candidate for a failed
SN, providing 0.14+0.33

−0.10 for the fraction of failed SNe.
In the neutrino signal of a failed SN, the cooling phase would be missing, whereas

the accretion phase would abruptly end. The average neutrino energies would increase
until this point and the νeν̄e fluxes dominate. The overall emitted neutrino energy
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could exceed that of an exploding SN. The crucial point is that BH formation is
delayed, not prompt, so the core bounce and shock scenario is crucial for the expected
neutrino burst of both exploding and failed cases.

An intermediate class between exploding and failed progenitors are fallback SNe,
where BH formation is delayed, if the explosion energy is not sufficient to unbind the
star. Hence, a fraction of the stellar mantle may fall back and push the NS beyond
the BH limit.

3.4.4 Flavor conversion
Numerical SN models treat neutrino transport usually in a three-species formalism
consisting of νe, ν̄e and νx, representing any of νµ, ν̄µ, ντ , or ν̄τ , and completely
ignore flavor conversion. From a numerical perspective, including flavor conversion
is completely out of the question. From a theoretical perspective, many questions
remain open because the matter effect of neutrinos on each other leads to collective
flavor conversion phenomena that are not yet fully understood [147,167].

The flavor evolution of the prompt νe burst is probably similar to MSW con-
version of solar neutrinos, except that the starting point is at far larger densities,
requiring a three-flavor treatment. Moreover, neutrino-neutrino refraction would
cause synchronized oscillations and, depending on the matter profile, cause a spectral
split, i.e., a discontinuity in the conversion probability.

During the accretion phase, the νeν̄e flux is larger than the νµν̄µ or ντ ν̄τ one.
Collective effects can lead to pair conversion of the type νeν̄e ↔ νµν̄µ or νeν̄e ↔ ντ ν̄τ ,
i.e., pair annihilation on the level of forward scattering with a rate much faster
than the usual non-forward scattering process. Conceivably it could lead to flavor
equilibration not far from the neutrino decoupling region [168,169]. In addition to
collective effects, one expects MSW conversion by the ordinary matter profile [170],
although the matter effect could be modified by density variations caused, e.g., by
turbulence in the convective regions. Far away from the SN, neutrinos would decohere
into mass eigenstates; however, unlike for solar neutrinos, one cannot easily predict
the energy-dependent probability for the various νi and ν̄i components.

3.4.5 Detection perspectives

The neutrino signal of SN 1987A (whose remnant is shown in Fig. 3.10) on 23 February
1987 in three small detectors was a historical achievement, but the event statistics
was sparse. The next nearby (probably galactic) SN would be observed in a large
number of detectors of different size, ranging from a few expected events to thousands
(Super-Kamiokande) or even millions (IceCube), although in the latter case without
event-by-event recognition [146, 147, 171]. The various detectors would provide
complementary information. What exactly one would learn depends, of course, on
the exact type of core-collapse event that could range from an electron-capture SN
to a failed explosion with BH formation. It would also depend on concomitant
electromagnetic and possibly gravitational-wave observations.
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Figure 3.10: Remnant of the supernova SN 1987A as seen by the NASA/ESA Hubble Space
Telescope. Credit: ESA/Hubble & NASA.

While the next nearby SN is perhaps the most cherished target of low-energy
neutrino astronomy and would provide a bonanza of astrophysical and particle-
physics information, its fast transient nature sets it apart from the general neutrino
background at Earth. A more detailed discussion of the detection is given in the
literature [147,171].

3.5 Diffuse supernova neutrinos
All collapsing stars in the visible universe, a few per second, provide the diffuse
supernova neutrino background (DSNB). It dominates at Earth for 10–25 MeV and in
future could be measured by the JUNO and Gd-enriched Super-Kamiokande detectors,
providing hints on the SN redshift distribution, the fraction of electromagnetically
dim progenitors, and average SN energetics.

3.5.1 Basic estimate

The idea that the accumulated neutrinos from all collapsed stars in the universe
form an interesting cosmic background goes back to the early 1980s [172–174], while
modern reviews are Refs. [147,175–177]. The DSNB flux and spectrum depend on
the overall core-collapse rate that is uncertain within perhaps a factor of two and on
the average neutrino emission spectrum. The baseline case of the forthcoming paper
predicts for the sum of all species

ΦΣ νν̄ = 126 cm−2 s−1, (3.5.1a)
nΣ νν̄ = 4.2× 10−9 cm−3, (3.5.1b)
ρΣ νν̄ = 25 meV cm−3, (3.5.1c)

http://www.spacetelescope.org/images/potw1142a/
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with an average energy of 6.0 MeV, corresponding to an emission energy, averaged
over all species, of 12.8 MeV. The DSNB energy density is almost the same as the
CNB energy density of massless neutrinos. If the lightest neutrino mass is so large
that all CNB neutrinos are dark matter today, the DSNB is the dominant neutrino
radiation density in the present-day universe.

We can compare the DSNB with the accumulated photons from all stars, the
extra-galactic background light (EBL), that provides a radiation density of around
50 nW m−2 sr−1 [178]. Integrating over directions yields an isotropic flux of
400 MeV cm−2 s−1 and thus an energy density of 13 meV cm−3. Photons and
neutrinos are redshifted in the same way, so the stars of the universe have emitted
about twice as much energy in the form of core-collapse neutrinos as in the form of
light.

We can express the time-averaged neutrino luminosity Lν of a given stellar
population in units of the number of core-collapse events per unit time, assuming one
event releases 2.5× 1053 erg. Moreover, we can express the photon luminosity Lγ in
units of the solar luminosity of L� = 4×1033 erg/s, so a ratio Lν/Lγ = 2 corresponds
to 1/100 years/1010 L� core-collapse events. This rate corresponds approximately to
the usual SN unit that is defined as 1 SNu = 1 SN/1010 L�B/100 yr with L�B the
solar luminosity in the blue spectral band. While the SN rate depends strongly on
galaxy type, e.g. no core-collapse SNe in elliptical galaxies where no star formation
takes place, averaged over all galaxies it is around 1 SNu [179,180]. Very roughly,
1 SNu corresponds to one SN per century per galaxy. In other words, Lν/Lγ ∼ 2
of an average stellar population corresponds to the usual astronomical measure of
the SN rate. Within uncertainties, the DSNB density of Eq. (3.5.1c) follows from
expressing 1 SNu as a neutrino-to-photon luminosity ratio.

For DSNB detection, the ν̄e component is of particular interest. For energies
below 10 MeV it is hidden under the reactor ν̄e background, so the higher-energy
part of the DSNB spectrum is particularly important. It requires a more detailed
discussion than a simple prediction of the overall DSNB density.

3.5.2 Redshift integral
The DSNB depends on the core-collapse rate Rcc(z) at cosmic redshift z and the
average spectrum Fν(E) = dNν/dE emitted per such event, where ν can be any of
the six species of neutrinos or antineutrinos. The long propagation distance implies
loss of flavor coherence, so each ν represents a mass eigenstate. Each neutrino burst
lasts for a few seconds, but this time structure plays no practical role because one will
need to integrate for several years to detect even a small number of DSNB neutrinos.
Moreover, the bursts sweeping through the detector somewhat overlap. Therefore,
Fν(E) is the average time-integrated number of neutrinos per energy interval emitted
by a collapsing star.

The neutrino density spectrum accumulated from all cosmic epochs is given by
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the redshift integral

dnν
dE

=

∫ ∞
0

dz (z + 1)Fν(Ez)n
′
cc(z) , (3.5.2)

to be multiplied with the speed of light to obtain the diffuse flux. Here Ez = (1+z)E
is the blue-shifted energy at emission of the detected energy E. The first factor
(1 + z) arises as a Jacobian dEz/dE = (1 + z) between emitted and detected energy
interval. It is assumed that the average neutrino flux spectrum Fν(E) is the same at
all cosmic epochs.

Finally n′cc(z) = dncc/dz is the core-collapse number per comoving volume per
redshift interval. It is usually expressed in the form

n′cc(z) =
Rcc(z)

H0 (1 + z)
√

ΩM(1 + z)3 + ΩΛ

, (3.5.3)

where H0 is the Hubble expansion parameter, while ΩM and ΩΛ are the present-
day cosmic matter and dark-energy fractions. In the literature one usually finds
Rcc(z), the number of core-collapse events per comoving volume per unit time (units
Mpc−3 yr−1). However, Rcc(z) is derived in terms of an assumed cosmological model
because observations for a given redshift interval need to be translated to intervals
of cosmic time, i.e., only n′cc(z) has direct meaning. So a given Rcc(z) makes sense
only in conjunction with the assumed underlying cosmological model.

We may further express n′cc(z) = nccfcc(z) in terms of the comoving density
ncc of all past core-collapse events, times its normalised redshift distribution with∫∞

0
dz fcc(z) = 1. Likewise, the neutrino emission spectrum is expressed as Fν(E) =

Nν fν(E) with Nν the total number of species ν emitted by an average core collapse
times its normalised spectrum with

∫∞
0
dE fν(E) = 1. With these definitions,

Eq. (3.5.2) is
dnν
dE

= Nν ncc gν(E) (3.5.4)

with the energy spectrum of the accumulated neutrinos

gν(E) =

∫ ∞
0

dz (z + 1) fν [(z + 1)E] fcc(z) . (3.5.5)

It fulfills the normalisation
∫∞

0
dE gν(E) = 1 if fν(E) and fcc(z) are normalised.

3.5.3 Cosmic core-collapse rate
The core-collapse rate as a function of redshift can be determined by direct SN
observations. However, this approach may be significantly incomplete because core-
collapse SNe can be electromagnetically dim or, for non-exploding cases, completely
invisible. Therefore, usually one estimates the rate from the star-formation activity,
essentially translating ultraviolet and infrared astronomical observations into a
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neutrino emission rate. To convert the star-formation rate into a core-collapse rate
Rcc = kcc %̇∗ we need the factor

kcc =

∫Mmax

Mmin
dM ψ(M)∫Mu

Ml
dM M ψ(M)

= (135M�)−1 , (3.5.6)

where ψ(M) ∝ M−2.35 is the Salpeter initial mass function [181] and (Ml,Mu) =
(0.1, 125)M� the overall stellar mass range. Uncertainties in ψ(M) largely cancel
as it is used to convert astronomical observations into %̇∗ in the first place. For
stars that develop collapsing cores I use (Mmin,Mmax) = (8, 125)M�, including those
cases that do not explode as a SN but rather form a black hole (BH) because these
non-exploding cases are also powerful neutrino sources.

With this conversion factor we find for the integrated core-collapse density of the
past cosmic history for the best-fit star-formation rates of the mentioned authors

ncc =


1.05× 107 Mpc−3 Yüksel et al. [182],
0.84× 107 Mpc−3 Mathews et al. [183],
0.69× 107 Mpc−3 Robertson et al. [184],
0.58× 107 Mpc−3 Madau et al. [185].

(3.5.7)

If every core collapse emits on average Nν ∼ 2 × 1057 neutrinos of each species,
ncc ∼ 107 Mpc−3 yields a DSNB density in one species of nν ∼ 2 × 1064 Mpc−3 =
0.7 × 10−9 cm−3 or, after multiplying with the speed of light, an isotropic flux of
20 cm−2 s−1 in one species. The DSNB spectrum is fairly insensitive to the exact
redshift distribution fcc(z).

The DSNB derived from a Maxwell-Boltzmann source spectrum is strongly anti-
pinched (average energy for our fiducial case 〈E〉 = 1.41T and pinching parameter
0.84) and not well represented by a Gamma distribution of the form of Eq. (3.4.1).
However, one finds that the decreasing part of the spectrum is very close to an
exponential e−E/T and a good overall fit to a fiducial case is

gν(E/T ) = 1.15 arctan[3 (E/T )3/2] e−1.03E/T . (3.5.8)

The main uncertainty of the DSNB prediction is the total number of core-collapse
events shown in Eq. (3.5.7). Moreover, these predictions involve an overall uncertainty
in converting the star-formation rate into a core-collapse rate (the factor kcc). A
mismatch of about a factor of 2 between direct SN observations and the core-collapse
rate estimated from star formation was found, the so-called SN-rate problem [162].
The most likely explanation is dust extinction, especially at higher redshift, or a
relatively large fraction of dim SNe, and in particular of non-exploding, BH forming
cases.

3.5.4 Average emission spectrum
The sparse data of SN 1987A are not detailed enough to give a good estimate of the
neutrino spectrum and also need not be representative of the average case. Therefore,



3.5 Diffuse supernova neutrinos 45

0 10 20 30 40
10-4

10-3

10-2

10-1

100

101

E / MeV

D
S

N
B

F
lu

x
[ c

m
-

2
s
-

1
M

e
V
-

1
]

T = 3.5 MeV
4

4.5

6

Figure 3.11: DSNB flux in one species according to Eq. (3.5.9). The emission spectrum is taken to
be Maxwell-Boltzmann with the indicated temperatures.

DSNB predictions depend on numerical SN models. To get a first impression we
can assume that the time-integrated spectrum is of Maxwell-Boltzmann type. With
Eq. (3.5.4) the DSNB flux for a given species ν is

dΦν

dE
= 4.45 cm−2 s−1 MeV−1 ncc

107 Mpc−3

× 6Etot
ν

2× 1053 erg

(
4 MeV

T

)2

gν(E/T ) , (3.5.9)

where Etot
ν is the total emitted energy in the considered species ν, and gν(E/T ) is

the normalised spectrum of Eq. (3.5.8) that includes our fiducial redshift distribution.
I show this spectrum for T = 3.5, 4, 4.5 and 6 MeV in Fig. 3.11, where values around
4 MeV would be typical for a core-collapse SN, whereas 6 MeV could represent a BH
forming event with larger spectral energies.

We conclude that around the detection threshold of 10 MeV, the flux predictions
are very similar and depend primarily on the overall normalisation, i.e., the cosmic
core-collapse rate and the average energy release. For larger E, the spectra scale
essentially as e−E/T and thus depend strongly on the effective emission tempera-
ture. Therefore, the flux at the upper end of the detection window (∼ 30 MeV) is
particularly sensitive to the fraction of BH forming events.

3.5.5 Detection perspectives

The DSNB has not yet been detected, but the experimental limits have been obtained
by the Super-Kamiokande (sometimes abbreviated to SK) I/II/III water Cherenkov
detector [186], SK IV with neutron tagging [187], and the KamLAND liquid scintil-
lator detector [188]. All of these limits are based on the inverse-beta decay reaction
ν̄e + p→ n+ e+. These limits do not yet reach predictions, but keeping in mind that
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the cosmic core-collapse rate and its BH forming component could be larger than
assumed here means that any significant experimental improvement can lead to a
detection.

DSNB detection is not only a question of event rate, but of identification and
rejection of several backgrounds that can mimic DSNB events. A first detection
should become possible over the next decade with the upcoming Gd-enhanced
Super-Kamiokande water Cherenkov detector [189, 190] and later with a possible
Gd-enhanced version of the upcoming Hyper-Kamiokande [107]. Another promising
contender is the upcoming JUNO 20 kt scintillator detector [104]. A complementary
detection channel, using the νe flux, may be offered by the upcoming liquid argon
detector DUNE at the LBNF facility in the US [191, 192]. A detailed forecast of
these opportunities is beyond the scope of our discussion.



Chapter 4
High-energy neutrinos5

High-energy neutrinos have emerged to be outstanding astrophysical messengers
for many different reasons. First of all, neutrinos offer a better understanding of
astrophysical objects, because they can escape from the source as they interact
only with matter, even at high energies. As a second reason, the universe is not
transparent to high-energy photons, which can scatter both on CMB photons as
well as on other background radiation, while neutrinos can travel large distances
undisturbed; moreover, differently from cosmic rays, which are diffused by magnetic
fields, neutrinos point back to the source. Finally, the observation of astrophysical
neutrinos can help us to discriminate the mechanism of production of cosmic rays
because, while photons can be produced both from hadronic (pp and pγ) and leptonic
interactions, neutrinos can only be created by hadronic interactions such as pion
decay. This means that neutrinos can be used to observe distance sources, probe the
core of cosmic accelerators, and help us to understand which fundamental processes
play a role [193–195].

4.1 Atmospheric neutrinos6

The lower energy background (from 30 MeV to 10 TeV) to astrophysical neutrinos
is due to atmospheric neutrinos. The latter are produced through different chains,
starting from cosmic-ray particles interacting with the particles of the Earth or Sun
atmosphere [195, 197]. Atmospheric neutrinos have played a fundamental role in
establishing the existence of neutrino masses, as the existence of oscillations has been
proved at experiments such as Super-Kamiokande [136], while nowadays they mostly
play the role of background to astrophysical neutrinos, although surprises are always
possible.

Certain astrophysical environments are known to accelerate charged particles
5This Chapter closely follows the discussion of E. Vitagliano, I. Tamborra and G. Raffelt, “Grand

unified neutrino spectrum at Earth,” work in progress [2].
6This Section is partly based on the discussion in the Master’s Degree thesis: E. Vitagliano,

“High energy events in IceCube: models and theory” [196].
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like electrons, protons and heavier nuclei, which constitute the cosmic-ray flux. The
latter then enter Earth atmosphere and produce the so-called secondary flux, which
includes neutrinos.

4.1.1 Cosmic rays

To predict the neutrino flux, one needs to know the composition of cosmic rays,
their scattering cross section with the atmosphere (as well as the possible energy
losses), and the decay rate and branching ratios of the by-products. The relative
abundances of cosmic rays can be compared to the chemical composition of the solar
system, and one finds some interesting differences [195]. First, heavy nuclei are more
abundant than hydrogen in the cosmic-ray flux; this could be due to the relative
greater ionization energy of hydrogen compared to heavy elements, because atoms
have to be ionized before being accelerated in cosmic-ray reservoirs [198]. Of course,
an additional, straightforward reason for this feature could be a difference in the
source composition itself. As a second striking difference, there are two groups of
elements (Li, Be and B is one of them, the other one Sc, Ti, V, Cr and Mn) which
are more abundant in cosmic rays than in the solar system. This is because they
are not products of stellar nucleosynthesis, but are rather produced in spallation
processes (scattering of cosmic rays in the interstellar medium) ( [47] and references
therein).

Besides the composition, another important ingredient of the primary flux is the
energy spectrum. Above 10 GeV, a good approximation to the differential spectra
per nucleon is given by an inverse power law:

dNN

dE
∝ E−(γ+1) , (4.1.1)

where γ ≈ 1.7 up to around 3× 106 GeV (for example, γproton = 1.71± 0.05 [195]),
and γ ≈ 2.0 at larger energies. This break in the spectrum is known as the knee of
the cosmic-ray flux. At very high energies (around 109 GeV) there is another break
known as ankle. Including the normalization given in Ref. [47],

dNN

dE
= 1.8× 104

(
E

GeV/nucleon

)−(γ+1)

[(GeV/nucleon) m2 s sr]−1 . (4.1.2)

Below 10 GeV, all cosmic-ray spectra show time dependence, called solar mod-
ulation, due to the effects of the solar wind, a low-energy plasma of electrons and
protons ejected by the Sun with 11 years cycle; the shield-like effect of the solar
activity translates to an anti-correlation between the latter and cosmic-ray spectra.
Moreover, low-energy particles entering the atmosphere are also subject to geomag-
netic effects. Therefore, low-energy secondary particles, including neutrinos, will
depend on location and time.



4.1 Atmospheric neutrinos 49

4.1.2 Conventional atmospheric neutrinos
Cosmic rays entering the atmosphere scatter and produce secondary particles as
charged or neutral pions and kaons. At lower energies, the main contribution to
atmospheric neutrinos comes from the so-called conventional neutrinos [193]. They
are produced via two chains. The first one is

π± →µ± + νµ(νµ)

↓
e± + νe(νe) + νµ(νµ) . (4.1.3)

The second chain starts from kaons, which can decay through e.g.

K± → µ± + νµ(νµ) ; (4.1.4)

kaons can also decay through three body decays,

K± → π0 + e± + νe(νe) . (4.1.5)

Note, however, that part of the kaons decay also in π± without producing neutrinos,
for example in processes such as

K± → π± + π0 . (4.1.6)

Notice that cosmic rays also produce π0 that decay to photons, which will be later
important to establish the connection between high-energy astrophysical photons
and neutrinos,

π0 → γ + γ . (4.1.7)

Up to energies of 1 GeV all muons decay before reaching the ground level, implying
the flavor ratio between muon and electron neutrinos

νµ + νµ
νe + νe

' 2 (4.1.8)

At higher energies, where µ decay is negligible, both π and K decays are important.
The flux is approximately given by [193]

dNν

dEν
' 0.0096E−2.7

ν

[
1

1 + 3.7Eν cos θ
επ

+
0.38

1 + 1.7Eν cos θ
εK

]
(4.1.9)

where ε is the energy scale which sets the most probable process in propagation (decay
vs interaction); for pions and kaons, it is επ ' 115 GeV and εK ' 850 GeV. Note that
asymptotically the neutrino production from π and K is one to three. The flavor is
mainly muonic, with electron neutrinos becoming more negligible at high energies.
This feature can be understood observing that at high enough energy the differential
flux of muon neutrinos scales as E−3.7, while electron neutrinos originating from
muons have a flux which scales as E−4.7, one of the power coming from the Lorentz
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factor. When muons are too fast to decay, the electron neutrino flux is due to the
decay of kaons, and it scales as E−3.7 (just like the muon neutrino flux); anyway, its
contribution at lower energies is disfavoured by the small branching ratio.

Let us conclude our discussion with some observations about the angular distri-
bution of atmospheric neutrinos [193]. Consider neutrinos up to 1 TeV. At these
energies, the Earth is transparent to neutrinos and the flux seen at the detector is
totally isotropic. To understand this feature, imagine the atmosphere as made up of
many sources; each source will produce a flux that scales as 1/r2, being r the distance
from the source itself. A detector sees more sources from below the horizon than from
above, but this is compensated by the bigger distance of sources below. At higher
energies, the Earth is no more transparent to neutrinos. At energies up to Eν ' 1
PeV, neutrinos are more efficiently absorbed than antineutrinos (independently of
the flavor) because they scatter on nuclei, while scattering on electrons is negligible.
Nuclei in the Earth interior are heavy, and contain more neutrons (quark content udd)
than protons (quark content uud); taking into account that neutrinos (respectively
antineutrinos) can exchange a W boson with d (respectively u),

ν + A→ l +B (4.1.10)

is more probable than
ν̄ + A→ l +B . (4.1.11)

When the energy gets higher, valence quarks are negligible with respect to the sea
quarks, so the u to d ratio is negligible and the cross sections of neutrinos and
antineutrinos on nuclei become asymptotically equal. One needs to include, however,
the Glashow resonance

e− + ν̄e → W− → X (4.1.12)

at Eν ' m2
W/2me ' 6 PeV, so that there is a region in which νe are more absorbed

than νe. Moreover, at high energy there is anisotropy because horizontal kaons have
more time to decay than vertical ones.

4.1.3 Prompt atmospheric neutrinos
Neutrinos produced by charmed mesons (in turn created via hadronic interactions)
are called prompt neutrinos [199]. Their contribution to the total flux of atmospheric
neutrinos was expected to be large in the TeV to PeV range (εcharm ' PeV), where
the only other contribution is given by kaon decay. The latter is distinguishable
from the prompt component thanks to its angular distribution; in fact, horizontal
conventional atmospheric neutrinos are more abundant than vertical ones, because
at higher energy kaons arrive before decaying, and obviously horizontal kaons have
more time to decay than vertical ones.

Prompt neutrinos, instead, are isotropic up to high energies; this fact is related
to the short life time of charmed mesons (τ ' 10−12–10−13 s), which decay before
propagating for an appreciable length. Moreover, the prompt neutrino flux is harder
than the conventional one, so that it will dominate over the conventional one beyond
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Figure 4.1: The atmospheric neutrino flux as a function of the neutrino energy, in orange νµ + νµ,
in blue νe + νe. The data points reproduce the observations by Super-Kamiokande (low energy and
medium energies) [203] and IceCube (high energies) [204, 205]. The dashed lines are the theoretical
predictions at the Kamioka site of Ref. [206] when assuming maximal solar activity; the solid lines
are the expected flux including flavor oscillations. I thank F. Capozzi for providing the Tables used
to include oscillations.

a certain energy. Finally, charmed particles produce an equal number of electron
and muon neutrinos in decay.

It should be stressed, however, that the IceCube collaboration has not found a
significant contribution from prompt neutrinos to the atmospheric flux [200, 201].
Moreover, recent calculations (such as the one in Ref. [202]), accounting for the latest
measurements of the hadronic cross sections, predict a prompt neutrino flux that is
in general lower than its previous benchmark estimation.

4.1.4 Atmospheric neutrinos: predictions and observations
The production of atmospheric neutrinos due to cosmic rays is obtained by solving a
set of transport equations, which are coupled integro-differential equations. While
semi-analytical approximations are possible, a more reliable prediction of the flux can
be obtained only numerically. In Fig. 4.1, I plot the data points of Super-Kamiokande
(at low and medium energies, 10−1–103 GeV) [203] and IceCube (at high energies,
102–106 GeV) [204,205]. We have already discussed Super-Kamiokande in Sec. 3.1.6;
its contribution has been fundamental to test the hypothesis of neutrino oscillations
by observing depletion in the atmospheric muon neutrino flux, which is dependent
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on the zenith angle.
The IceCube Neutrino Observatory [207] is located at the National Science

Foundation’s Amundsen-Scott South-Pole Station. The experiment, successor of
the Antarctic Muon And Neutrino Detection Array (AMANDA), is a Cherenkov
detector in the clear Antartica ice.

Let us turn to some features of the plot shown in Fig. 4.1. To reproduce the
theoretically expected flux, I used the Tables publicly available on Mitsuhito Honda’s
homepage [206], which allow for a better comparison to data with respect to a
semi-analytical approximation. As a location I chose Kamioka, because the spatial
dependence is more important for low-energy neutrinos. Because we are not aiming
for a high-precision fit, I considered the flux under the mountain in Kamioka and the
Sun at its average magnetic activity, but a different choice would have not affected
the broad features of the plot. The dashed lines show the flux before oscillations,
whereas the solid lines include oscillations. As previously mentioned, the νµ to νe
ratio is approximatively 2 at low energies. The oscillation is especially important for
muon neutrinos, as they can be converted to tau neutrinos en route to the Earth
surface. At high energy, we see that the muon to electron neutrino ratio gets larger,
as previously discussed.

A final remark concerns the uncertainties in the predicted neutrino flux. The
authors of Ref. [208] have quantified the systematic uncertainties of atmospheric
neutrino fluxes due to the choice of the primary cosmic-ray flux models and the
interaction models employed. The average errors on the flux of muon and electron
neutrinos at high were found to be +32%

−22% and +25%
−19% respectively.

4.1.5 Solar atmospheric neutrinos

An additional contribution to the GUNS comes from the Sun and is analogous
to the atmospheric neutrinos previously described, the so-called solar atmospheric
neutrino flux [197,209,210] (see Ref. [211] for a previous estimate). This flux is due
to the interactions of cosmic rays in the solar atmosphere. The processes producing
neutrinos are the same as in the Earth atmosphere, with the production of pions
and kaons via hadronic interactions (and photohadronic interactions at energies
larger than 1 PeV). However, the Sun atmosphere is thinner than the Earth one.
While pions and kaons undergo many scatterings when produced in the terrestrial
atmosphere, thus losing energy, these particles can propagate large distances in the
solar atmosphere. This results in a solar atmospheric neutrino flux which is both
larger and harder at high energies. While the detection of these neutrinos is not
possible with on-going experiments, it would probe the magnetic field of the solar
atmosphere, which has an effect on the low-energy part of the flux [197], as can be
seen by the blue band in Fig. 4.2.

The fluxes represented in this figure are the ones from Fig. 1 of Ref. 4.2, where
the authors assumed for the magnetic field the model [212] up to 300 GeV and
the model [211] at larger energies. The terrestrial atmospheric flux is integrated
over the solar angular cone, to show the amount of neutrinos we expect from that

http://www.icrr.u-tokyo.ac.jp/~mhonda/
http://www.icrr.u-tokyo.ac.jp/~mhonda/
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Figure 4.2: The solar atmospheric neutrino flux (SAν, blue) compared to the terrestrial one (EAν,
orange), with the latter integrated over the solar angular cone (Ref. [197] and references therein).
The uncertainty at low energies is due to the modelling of the magnetic fields at the solar surface
and the ones carried by solar winds. Thanks to Kenny C.Y. Ng for providing the fluxes.

portion of sky. We should note however that the Sun atmospheric flux dominates
only at around 4 TeV. One has to take into account the fact that muons coming
from different directions can decay producing a neutrino whose direction lies in the
solar angular cone; so, the muon-neutrino separation angle after the decay of the
first is the angular cone to be considered when comparing the two fluxes [197]. For
what concerns the flavor, oscillations decrease the muon flux by a factor of 2, within
the uncertainty of predictions [197].

4.2 High-energy astrophysical neutrinos

4.2.1 Introduction
Associated to the acceleration of cosmic-ray particles, whose flux is given by Eq. (4.1.2),
there is a flux of neutrinos of astrophysical origin. They are produced by the interac-
tions of cosmic-rays in the source or in the environment surrounding the source, or
while cosmic rays are propagating en route to Earth, just like atmospheric neutrinos
are produced in the atmosphere. Neutrinos can be produced through proton-proton
(“pp”) or proton-photon (“pγ”) interactions. They are also known as hadronuclear
and photohadronic interactions respectively, and both produce neutrinos and photons
via the processes described in Sec. 4.1.2. The relative ratio between the neutrino and
gamma-ray fluxes is approximately regulated by the ratio of π0 and π± produced in
these sources. Notice however that photons can be also produced in processes not
involving hadrons (inverse Compton scattering, bremsstrahlung).

Moreover, these fluxes are related to the cosmic-ray flux: this connection is at the
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core of high-energy multi-messenger astronomy, which allows us to predict different
messengers by knowing the flux of one of then. As perhaps expected, the dominating
processes are the same ones which source the atmospheric neutrino flux, with some
striking difference in the energy flux. The cosmic-ray flux is indeed softened by
propagation in galactic and extra-galactic magnetic fields, as can be shown even by
a simple propagation model as the leaky-box assumption. A more precise treatment,
based on the Ginzburg-Syrovatskii equations, confirms that the flux of cosmic rays
at the source is much harder [195]. Nowadays, propagation of cosmic rays is studied
numerically with codes such as GALPROP. By comparing the secondary to primary
ratio (using “cosmic clocks” like 10Be) one finds that the effect of magnetic diffusion
softens the cosmic-ray spectrum to

dNN

dE
∝ E−(γ+1)+δ ' E−2 , (4.2.1)

where δ ' 0.6 includes the effect of diffusion; intriguingly, the result is what we
expected from pp sources, where acceleration is due to the first-order Fermi mechanism,
a stochastic process in which cosmic rays get accelerated through a shock wave [195,
213]. Notice however that many approximations enter the expected flux of Eq. (4.2.1):
the most important sources must be galactic, the precise softening could be different,
and so forth. Moreover, the Fermi mechanism itself shall be modified when considering
e.g. relativistic acceleration of particles [214], so that expressions more complicated
than a single power-law should be used [215]. Given that neutrinos do not interact
electromagnetically, they are not diffused by galactic and extra-galactic magnetic
fields, so that the simplest prediction of their flux at Earth should be reminiscent of
the cosmic-ray spectrum at the source,

φν(Eν) ∝ E−2
ν . (4.2.2)

The diffuse neutrino intensity from extragalactic sources is more precisely given
by the integral of the neutrino spectral distribution obtained for each sources, Fνα ,
convolved with the source distribution (a function of redshift and luminosity) over
the co-moving volume ρ̇(z, L)

φ(Eν) =
1

4π

∫ ∞
0

dz

∫ Lmax

Lmin

dL
1

H(z)
ρ̇(z, L)

∑
α

Fνα [(1 + z)Eν ] , (4.2.3)

with H(z) being the Hubble factor at redshift z. The existence of the knee in the
cosmic-ray spectrum suggests that an educated guess for the neutrino flux should be

Fνα(Eν) ∝
{
E−sν (Eν ≤ Eb

ν)

E−s
′

ν (Eb
ν < Eν)

(4.2.4)

where Eb
ν is the energy at the break of the neutrino spectrum, and s and s′ are power-

law exponents that depend on the specific production mechanism. For example,
pγ scenarios can predict s ' 0, which is due to the increasing optical depth to

https://galprop.stanford.edu/
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photomeson production with increasing energy of cosmic rays; on the other hand, in
pp scenarios s ' 2 [216]. I should stress that this is a very simple approximation,
because many different breaks can be present in the neutrino spectrum. Moreover,
the neutrino flux produced by a class of sources should have a cut-off corresponding
to the maximum possible energy, which is typically modelled as an exponential.

The final ingredient for a theoretical prediction of the astrophysical neutrino flux
is the flavor content. According to the standard production scenario described above,
the following flavor ratio is obtained at the production site: νe : νµ : ντ ' 1 : 2 : 0.
After flavor conversions, the oscillation-averaged composition reaching the detector
is expected to be νe : νµ : ντ ' 1 : 1 : 1 [217].

4.2.2 Detection and multi-messenger constraints
Despite such simple predictions, observations have proven once more that Nature
can be more complicated than our expectations. As previously discussed, direct
correlation between the TeV–PeV neutrinos and the ultra-high-energy cosmic rays
is supposed to exist, but no clear evidence has been found yet. The production
of cosmic rays is thought to be of extragalactic origin above the knee, while it is
expected to be mainly of galactic origin below those energies. As already mentioned,
cosmic rays could be trapped within the sources because of strong magnetic fields
and hence produce neutrinos through collisions with the gas. The efficiency of this
process is related to the total energy stored in the source under the assumption that
the source is calorimetric. The observation of cosmic rays allows one to establish
an upper bound on the flux of neutrinos of astrophysical origin produced by cosmic
accelerators under the assumption that they behave as calorimeters, the so-called
Waxman-Bahcall bound [218,219],

E2
νφν . 2× 10−8 GeV/(cm2 s sr) . (4.2.5)

The Waxman-Bahcall bound should be considered as an upper limit on the neutrino
production from the sources of ultra-high-energy cosmic rays under the assumption
that the spectrum scales as E−2. Notice that the Waxman-Bahcall bound was
derived under the assumption that sources are optically thin to photo-meson and
proton-nucleon interactions such that protons are free to escape from the source. If
optically thick sources exist, then this bound does not hold anymore.

The era of high-energy neutrino astronomy was born with the first detection of
neutrinos of astrophysical origin by the IceCube Neutrino Observatory [201,220,221].
The IceCube events have energies in the range between few TeV to few PeV [201,
220,221]; these neutrino events are isotropically distributed. This suggests that only
up to ∼ 1% of the observed flux may come from our Galaxy [222]. A more copious
amount of neutrinos is instead expected from sources distributed on cosmological
scales, such as dim or choked astrophysical jets, starburst galaxies, gamma-ray bursts,
and active galactic nuclei. Therefore there are many possible sources to high-energy
neutrinos, and many puzzles remain to be solved. We will discuss some of these
possibility in Sec. 4.3.
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Figure 4.3: Examples of neutrino sources include star-forming galaxies, gamma-ray bursts and
blazars. Left panel: star-forming galaxy NGC 694, credit: X-ray: NASA/CXC/CfA/R. Tuellmann
et al., optical: NASA/AURA/STScI. Central panel: illustration of a gamma-ray burst, credit:
NASA/GSFC. Right panel: active galactic nuclei Centaurus A; blazars are AGNs with the jet
pointing towards the Earth; credit: visible: ESO/WFI, microwave: MPIfR/ESO/APEX/A.Weiss
et al., X-ray: NASA/CXC/CfA/R.Kraft et al.

Assuming that all particles populating the high-energy sky originate from the
same source classes, the cosmic energy density of high-energy neutrinos should be
directly comparable to the one of gamma rays observed by the Fermi telescope [223]
and to the one of ultra-high-energy cosmic rays seen by the Auger observatory [224].
The extra-galactic gamma-ray background observed by Fermi consists of point-like
sources and an isotropic gamma-ray background. The IceCube data set cannot be
consistently interpreted by employing the same composition of sources currently
estimated for the Fermi extra-galactic background. This is especially true for the
region between 10 and 100 TeV in the neutrino spectrum that cannot be fitted by
invoking a common origin for neutrinos and gamma rays, see e.g. [225] and references
therein.

Considering further experimental efforts in the field of high-energy neutrino
astronomy, IceCube-Gen2 [226] is currently under planning. Another upcoming
detector is KM3NeT [227] which will have better sensitivity to Galactic sources.
Concerning neutrino energies above the PeV range, GRAND [228] is currently being
designed and developed. ARIANNA [229], an hexagonal radio array, has already
delivered the first constraints on cosmogenic neutrinos. ARA, the Askaryan Radio
Array, is currently being developed [230]. POEMMA [231] is currently being designed
for the detection of cosmogenic tau neutrinos.

4.3 Astrophysical sources of high-energy neutrinos
Although high-energy neutrinos are emitted by a plethora of astrophysical sources,
in the following I will focus on star-forming galaxies (pp sources), gamma-ray bursts
and active galactic nuclei (pγ sources). Those are the most efficient neutrino emitters
either because they are very abundant or because they are especially bright in
neutrinos. In particular, for what concerns active galactic nuclei, I will focus on
a sub-class, blazars, currently estimated to compose the bulk of the extra-galactic
gamma-ray diffuse emission [232]. Notably, a dozen of IceCube neutrino events is
likely to be emitted by TXS 0506+056, a very high-energy blazar [233, 234]. The

https://www.cfa.harvard.edu/news/su201405
https://www.cfa.harvard.edu/news/su201405
https://www.nasa.gov/sites/default/files/nebula-jet_still_1.jpg
https://www.eso.org/public/images/eso0903a/
https://www.eso.org/public/images/eso0903a/
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non-detection of point sources generating multiple neutrino events from astrophysical
sources provides a lower limit on the local density of these sources and an upper limit
on their effective neutrino luminosity [235,236]. Finally, I will discuss the predicted
flux of very high-energy cosmogenic neutrinos, produced by cosmic-ray interactions
en route to Earth. I refer the interested reader to Refs. [225, 237–240] for recent
dedicated reviews on the topic.

4.3.1 Star-forming galaxies
Star-forming galaxies are stationary sources compared to gamma-ray bursts and
active galactic nuclei that will be discussed in the following subsections. Star-forming
galaxies are perfect examples of calorimetric sources and have been proposed as
neutrino reservoirs [239,241]. Beyond normal galaxies, such as our Milky Way, another
class of star-forming galaxies consists of starburst galaxies. These are individually
more luminous as they undergo a phase of enhanced star-formation activity (up to
100 times higher than normal galaxies).

Our understanding of star formation has dramatically improved in the last decade.
In particular, the Herschel Space Observatory [242] provided an unprecedented
estimation of the infrared luminosity function of star-forming galaxies up to redshift
4 and made possible the distinction among different sub-classes of star-forming
galaxies. In fact, beyond normal galaxies and starburst galaxies, Herschel provided
for the first time information on star-forming galaxies containing low-luminosity
active galactic nuclei (AGNs) or AGNs obscured by dust. All these classes contribute
to the star-formation activity.

Among the known galaxies, about 38% are normal galaxies, 7% are starburst
galaxies, and the remaining ones are star-forming galaxies containing AGNs. The
abundance of each of these classes varies as a function of the redshift, with the
normal galaxies being more abundant at low redshifts (z < 1.5). The gamma-ray
energy spectral distribution of normal galaxies is observed to be softer (Fγ ∝ E−2.7

γ )
on average than the one of starburst galaxies (Fγ ∝ E−2.2

γ ). Finally, star-forming
galaxies containing AGNs can have an energy spectral distribution resembling normal
galaxies or starburst galaxies according to the redshift [243].

Neutrinos are thought to be produced in star-forming galaxies through pp interac-
tions under the assumption that 100 PeV cosmic rays are produced and confined in
these sources. As a consequence, a direct connection between the estimated neutrino
and gamma-ray emission can be established.

The Fermi Telescope has recently provided tight constraints on the composition of
the diffuse extra-galactic gamma-ray sky [232,244]. By relying on the electromagnetic
emission of these sources, one can estimate the correspondent neutrino diffuse emission
following the modeling proposed in [243,244] and by applying the following relation∑

να

φνα(Eνα) ' 6φγ(Eγ) , (4.3.1)

with Eγ ' 2Eν , and φγ the gamma-ray diffuse intensity.
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Figure 4.4: The neutrino flux per flavor να + να from star-forming galaxies. The dashed purple line
reproduces the results from [244], where an upper limit to the blazars contribution was calculated
by analyzing the gamma-ray flux. The orange band reproduce the results of Ref. [243]. Notice that
the spectrum shape is slightly different as there is some uncertainly in the injection spectral shape.
Also shown is the per-flavor IceCube neutrino flux according to [245] (blue data points) and a more
recent estimate [246] (black band).

The expected φνα from star-forming galaxies as a function of the neutrino energy
is shown in Fig. 4.4. These results are in agreement with current tomographic
constraints [247]. Notably, the detection of neutrinos from stacked searches of
star-forming galaxies is currently statistically disfavored [235,236,248].

4.3.2 Gamma-ray bursts

Gamma-ray bursts (GRB) are among the most energetic transients in our Universe.
GRBs are usually divided in long (> 2 s) and short (< 2 s) duration bursts according
to the electromagnetic observation by BATSE [249]. Long-duration GRBs are thought
to originate from the death of massive stars and they are usually distinguished in
low-luminosity and high-luminosity GRBs according to their isotropic luminosity.

High-luminosity GRBs are routinely observed by Swift and the Fermi-GBM, they
are characterized by a Lorentz boost factor of Γ ' 500 and isotropic luminosity of
about 1052 erg/s. While we know less of the low-luminosity GRBs mostly because
these sources are dimmer, with a typical isotropic luminosity of about 1048 erg/s,
and therefore more difficult to observe. Low-luminosity GRBs are observed to have
a Lorentz factor one order of magnitude lower than high-luminosity GRBs.

GRBs produce high-energy neutrinos mostly through pγ interactions. In particu-
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lar, the main reactions leading to the neutrino production are

p+ γ → ∆→ n+ π+ or p+ π0 (4.3.2a)

p+ γ → K+ + Λ/Σ ; (4.3.2b)

in turn, the pions, muons, kaons and neutrons decay to neutrinos of muon and
electron flavor [250]. Usually the injected gamma-ray spectrum is parametrized
through a band-spectrum (broken power law) with a break energy defined as a
function of the isotropic energy. Because the interactions are pγ and the proton
spectrum is proportional to E−2

p (without breaks), the resultant neutrino spectrum
will have a break in correspondence with the break energy of the photon spectrum.
Above the first break, the neutrino spectrum should be the same as the proton
spectrum. However processes such as radiative, hadronic and adiabatic cooling affect
the observable neutrino spectrum via other breaks at higher energies [251].

Neutrinos from GRBs could in principle show up at IceCube, however neutrino
events are not in spatial and time correlation with known GRBs, constraining the
proposed theoretical models. High-luminosity GRBs are also excluded as main
sources of the diffuse high-energy neutrino flux observed by IceCube [238]. However,
low-luminosity or choked GRBs could produce high-energy neutrinos abundantly and
partially explain the IceCube neutrino events. A choked GRB is characterized by a
jet successful in accelerating particles but such that the electromagnetic radiation is
not able to escape from the envelope. Moreover, choked jets have been invoked to
explain the neutrino data in the low-energy tail of the spectrum but this seems not
to be the case [216,252].

Figure 4.5 shows the neutrino emission in flavor and mass eigenstates from long-
duration GRBs. It has been obtained according to the advanced model presented in
Fig. 5 of [253]. The astrophysical uncertainty is based on the error in the measurement
of the local star-formation rate [254].

Short GRBs have typical luminosities similar to the ones of long high-luminosity
GRBs but originate from compact binary mergers. They do not copiously produce
neutrinos because of the merger distribution on cosmic scales [251]. However, a
sizable neutrino flux could be foreseen if e.g. one invokes a large fraction of magnetars
connected to these bursts [255].

4.3.3 Blazars
Active galactic nuclei are mainly powered by the mass accretion onto supermassive
black holes at the center of their host galaxy [256]. AGNs are among the most
luminous sources of electromagnetic radiation. They have been considered as powerful
high-energy cosmic accelerators [240].

AGNs have been divided in radio quiet and radio loud objects. The radio-loud
objects are characterized by an emission from the jet and the lobes that is especially
prominent at radio wavelengths, while in the radio-quiet objects the continuum
emission comes from the core regions and the jet-related emission is weak. Radio-
loud AGNs are promising cosmic accelerators and neutrino reservoirs.



60 4. High-energy neutrinos

●

●

●

●
●

●

���� ���� ���� ����

��-�

��-�

���

���

������ � [��]

�
�
ϕ
[�
�
�
�

-
�
�
-
�
�
�-
�
]

������� ����

������� ����

����

Figure 4.5: The neutrino flux per flavor να+να from gamma-ray bursts [253]. The bands reproduce
the uncertainty of the measured local star-formation rate [254]. Also shown is the per-flavor IceCube
neutrino flux according to [245] (blue data points) and a more recent estimate [246] (black band).

Blazars are a special kind of loud AGNs with the jet pointing towards us. Blazars
are characterized by extreme variability and strong emission over the entire electro-
magnetic spectrum. Blazars are divided into BL Lacertae objects (BL-Lacs) and flat
spectrum radio quasars (FSRQs). Those two categories have different optical spectra,
the latter showing strong and broad emission lines and the former characterized by
optical spectra with weak emission lines.

In the following, I will focus on the neutrino production from blazars as they are
expected to be rich neutrino factories. However, note that also radio-quiet AGNs
may contribute to the diffuse neutrino background [240], although the neutrino
production is affected by large uncertainties.

The photon spectrum of blazars is characterized by two broad bumps [256]. The
low-energy peak can occur at frequencies ranging from 0.01 to 13 keV while the
high-energy peak can be in the range between 0.4 and 400 MeV. The low-energy
emission of blazars comes from electron synchrotron radiation with the peak frequency
being related to the maximum energy at which electrons can be accelerated. On
the other hand, the origin of the high-energy emission is still under debate, it might
originate from inverse Compton radiation or may be coming from proton synchrotron
radiation.

The neutrino emission depends on the blazar luminosity function. In fact the
electromagnetic spectrum evolves with the blazar luminosity, the so-called blazar
sequence. Neutrino production becomes more efficient through pγ interactions when
the photon luminosity is larger. Given their abundance and brightness, the detection
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of neutrinos from stacked searches of blazars is statistically favored [235,236,248].
BL-Lacs produce up to 40–70% of the gamma-ray diffuse radiation in the 0.1–10

GeV range. Assuming that neutrinos are produced in these environments through
pγ interactions, the gamma-ray and the neutrino luminosity from blazars may be
connected through an efficiency factor Yνγ varying between 0.1 and 2, so that
Lν = YνγLγ [257].

The main paradigm is that the gamma-ray emission from these sources has a
photo-hadronic origin. In fact, high-energy protons are accelerated through diffusive
shock acceleration or stochastic acceleration in the jet. Protons then interact with
synchrotron photons coming by the non-thermal electrons that are co-accelerated in
the jets.

In order to estimate the neutrino production from the blazar population, it is useful
to rely on the so-called blazar sequence, i.e. an empirical relation between the blazar
luminosity and the photon spectral energy distribution. Although one can assume a
distribution in the Lorentz factor of the jet, Γ = 10 is here assumed as a representative
value during a typical flaring period of 106 s. Cosmic rays undergo Fermi acceleration
and assume a power-law energy distribution Fp(E) = E−2

p exp (−E/Emax) with
Emax the maximum energy that cosmic rays have in the source. In pγ interactions,
neutrinos carry about 5% of the energy of the primary proton.

The target photon field is determined according to the blazar sequence [258].
Beyond synchrotron and inverse Compton peaks present in the BL-Lac spectral
energy distribution, FSRQs typically exhibit broad lines from atomic emission of
the gas surrounding the accretion disk. By deriving the neutrino spectral energy
distribution from the gamma-ray one and by relying on the blazar distribution at
cosmological distances as from Fermi [259, 260], Ref. [261] estimated the neutrino
diffuse emission from blazars by imposing bounds on the non-observation of neutrino
events from dedicated stacking searches and by assuming that the baryonic loading
varies with the luminosity as a power law. The neutrino production from FSRQs is
estimated to be about 30% of the BL-Lac one [262].

Figure 4.6 shows the neutrino emission per flavor eigenstate from blazars. It
has been obtained from scenario 3 presented in Ref. [261].7 I also show a possible
multi-component fit [263], which includes also residual atmospheric background and
galactic contributions. Notice however that there is no consensus regarding the latter
contributions, implying hints of tension between the measurements of the diffuse
gamma-ray flux detected by Fermi-LAT and the neutrino flux detected by IceCube.
The reason is simple: we observe more neutrinos than expected from measurements
of gamma rays. As already mentioned, possible solutions invoking cosmic accelerators
that are optically thicker than expected, such as in the case of choked GRBs [216],
do not seem to be viable [252]. It is tempting to speculate if this could be a signal of
physics beyond the Standard Model; this will be the topic of Sec. 7.

7Thanks to A. Palladino for providing the data used in Fig. 4.6.
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Figure 4.6: The neutrino flux per flavor να + να [261]. The bands reproduce the possible variations
(1 σ) due to the uncertainties on the modeling of the neutrino emission. Also shown is the per-flavor
IceCube neutrino flux according to [245] (blue data points) and a more recent estimate [246] (black
band). The orange band reproduce a possible multi-component fit [263], which includes also residual
atmospheric background and galactic contributions.

4.3.4 Cosmogenic neutrinos

Ultra-high-energy cosmic rays (UHECR) have energies up to 1020 eV; these are the
particles with the highest energy observed in Nature [264]. The sources producing
such particles and the mechanisms behind their acceleration are unknown. Possible
acceleration sites may be young pulsars, active galactic nuclei, gamma-ray bursts,
magnetars and tidal distruption events. Results from the Auger experiment suggest a
light composition at 1 EeV which tends to become heavier as the energy increases [265].
Telescope Array (TA) seem to confirm this trend excluding a purely proton dominated
composition [266].

On their way to Earth, UHECR interact with radiation, specifically with the
cosmic microwave background (CMB) and the extragalactic background light (EBL),
which is the cosmic population of photons e.g. in the infrared wavelength range.
The energy spectrum of nucleons is mostly affected by the CMB because of pair
production and photo-pion production, whereas the energy spectrum of heavier
nuclei is affected by the EBL through pair production and photo-disintegration.
The photo-pion process occurs when nucleons (N) with Lorentz factor Γ ≥ 1010

interact with the CMB and pions are produced (N + γ → N + π0,±). For lower
Γ, the same process can take place with the EBL. The strong flux suppression at
high energies coming from the photo-pion production is responsible for the so-called
Greisen-Zatsepin-Kuzmin (GZK) cutoff. Photodisintegration takes place when UHE
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nuclei are stripped by one or more nucleons by interacting with the CMB or EBL,

(A,Z) + γ → (A− n, Z − n′) + nN (4.3.3)

with n(n′) being the number of stripped nucleons. Mesons produced during these
interactions quickly decay and produce a flux of cosmogenic neutrinos. The beta-
decay of nucleons and nuclei from the photo-disintegration can also lead to the
production of neutrinos. However, while the neutrinos produced from pion decay
have energies that are few percent of the parent nucleus, the neutrinos produced
from beta decay carry less than one part per thousand of the energy of the parent
nucleon.

The cosmogenic neutrino spectrum is also sensitive to the maximum energy of
UHECR and heavy composition at the source (or a weaker evolution of cosmic-ray
sources) tends to produce a significantly lower cosmogenic neutrino flux [267]. The
largest contribution is instead obtained if one assumes a proton source. This is
however currently disfavored by Fermi data [268].

Interestingly, while the cosmic-ray spectrum is dominated by nearby sources,
the neutrino flux will receive contributions up to cosmological scales. Moreover,
the cosmogenic neutrino flux will also change according to the assumed source
composition [267,269].

Cosmogenic neutrinos have not been detected yet. The IceCube Neutrino Obser-
vatory recently placed upper limits on the non-detection of the cosmogenic neutrino
flux [270]. Notably, the non-observation of those neutrinos also disfavors sources
with a cosmological evolution that is stronger than the one predicted from the
star-formation rate, such as active galactic nuclei [270], if one assumes a proton
composition at the source. I show the predicted flux in Fig. 4.7, where I reproduce
the results reported in [271]. The exclusion measurements obtained by ANITA and
Auger are respectively shown in green and orange [272]. The next generation of
radio facilities, such as the Giant Radio Array for Neutrino Detection (GRAND),
and the Antarctic Ross Ice-Shelf ANtenna Neutrino Array (ARIANNA), will be able
to detect this flux, the contribution to the highest energy range in the GUNS.
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Figure 4.7: The cosmogenic neutrino flux per flavor να + να from [271]. The bands reproduce the
largest possible variations due to the uncertainties on the ultra-high-energy cosmic ray composition
and source redshift evolution. The exclusions measurements obtained by ANITA and Auger are
respectively shown in green and orange [272]. Also shown is the per-flavor IceCube neutrino flux
according to [245] (blue data points) and a more recent estimate [246] (black band).



Chapter 5
Filling a gap in the GUNS:
Solar keV neutrino emission8

The nuclear reactions in the Sun produce the usual solar neutrino flux of about
6.6× 1010 cm−2 s−1 with MeV energies. At Earth this is the largest neutrino flux,
except perhaps in the immediate vicinity of a nuclear power reactor. However, besides
the flux due to nuclear reactions, the Sun produces neutrino-antineutrino pairs by
thermal processes triggered by electromagnetic interactions of the particles making
up the plasma: electrons, ions and photons.

Thermal neutrino emission from stars is an old topic, central to the physics of
stellar evolution, and detailed studies exist as well as Computer routines to be coupled
with stellar evolution codes [274]. However, in this context neutrinos play the role of a
local energy sink for the stellar plasma and so the emission spectrum is not provided.
Moreover, for a low-mass main-sequence star like our Sun, energy loss by thermal
neutrinos is negligible. Therefore, standard energy-loss rates, which cover a large
range of temperatures, densities and chemical compositions, may not be optimized for
solar conditions. This is a standard neutrino flux, yet it is conspicuously absent from
previous plots of the GUNS at Earth [22]. The only detailed previous study of the
keV range solar flux [275] ignores bremsstrahlung production and overestimates photo
production by a spurious plasmon resonance. This situation provided motivation for
a fresh look, which takes advantage of recent progress in calculating the keV-range
solar flux of other low-mass particles such as axions and hidden photons [276–281].

5.1 General features of the thermal flux from the Sun
Low-energy neutrinos are produced in the solar plasma by the pair-production
processes shown in Fig. 5.1. The various neutrino flux contributions can be listed
in a mnemonically helpful way as ABCD processes: atomic deexcitation, including
free-bound (fb, also known as electron capture or recombination) and bound-bound

8This Chapter closely follows the discussion of E. Vitagliano, J. Redondo and G. Raffelt, “Solar
neutrino flux at keV energies,” JCAP 12 (2017) 010, arXiv:1708.02248 [273].
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Figure 5.1: Processes for thermal neutrino pair production in the Sun.

(bb) processes; bremsstrahlung, including free-free (ff, atomic bremsstrahlung) and
electron-electron (ee) interactions; Compton scattering; and plasmon decay, i.e., the
decay of a photon, which is kinematically allowed thanks to its dispersion relation in
a medium. In all these processes, nonrelativistic electrons are the sources. Electron
velocities and spins are “kicked” by the ambient electromagnetic fields, leading to
the emission of neutrino pairs. At low energies, the weak interaction is sufficiently
well described by an effective four-fermion local interaction proportional to the
Fermi constant GF. The effective coupling constants for the vector and axial-vector
interaction, CV and CA, are different for νe and the other flavors, leading to a
nontrivial flavor dependence of the emitted fluxes. The vector-current interaction
leads essentially to electric dipole radiation caused by the time variation of the electron
velocity, whereas the axial-vector current leads to magnetic dipole radiation caused
by fluctuations of the electron spin. Yet in the nonrelativistic limit, the rates for
both mechanisms are related by simple numerical factors and there is no interference
between them, so all processes provide rates proportional to (aC2

V + bC2
A)G2

F with
coefficients a and b that depend on the specific emission process. One consequence
of this simple structure is that the emission rates are closely related to those for
axions (axial current interaction) or hidden photons (vector current interaction) and
also closely related to photon absorption rates. We will take full advantage of these
similarities, i.e., the relation between these different processes by simple phase-space
factors.

In Fig. 5.2 I show the overall low-energy solar neutrino and antineutrino flux
at Earth from our calculation, obtained using the solar model described in App. C.
All thermal processes shown in Fig. 5.1 produce νν̄ pairs and thus equal fluxes
of neutrinos and antineutrinos. This equipartition is another consequence of the
nonrelativistic approximation, where weak magnetism effects disappear along with
CVCA cross terms in the emission rate [282]. In addition, the low-energy tail of the
neutrino spectrum produced in the nuclear pp reaction contributes significantly to
the keV flux. At the source, this reaction produces νe which, like the other channels,
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have decohered into their mass components long before they reach Earth. The pp
flux causes an overall asymmetry between the keV-range ν and ν̄ spectra. The
fractional contribution of the 1, 2 and 3 mass eigenstates arriving at Earth are shown
in the lower panels of Fig. 5.2. Different emission processes have different energy
dependences and there are different coefficients (aC2

V + bC2
A) for νe and the other

flavors, thus explaining the fractional flux variation.
Besides being an interesting signal per se, we shall study solar neutrinos as

background to dark matter searches. It is indeed a remarkable shift of paradigm
that solar neutrinos today, fifty years after their first detection, are part of the
“neutrino floor,” the dominant background for direct searches of dark matter in the
form of weakly interacting massive particles (WIMPs). Another well-motivated dark
matter candidate is a sterile neutrino in the keV mass range [283]. One idea for
a direct search is the sterile-neutrino capture on a stable isotope of dysprosium if
ms > 2.83 keV [284]. Other searches for slightly heavier sterile neutrinos include
unstable isotopes [285,286], coherent inelastic scattering on atoms [287] and electron
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Figure 5.2: Solar neutrino flux at Earth in the keV range. The flavor dependence is given in the
mass basis for the 1, 2 and 3 mass eigenstates (blue, orange and green). Thick lines are for ν̄, thin
lines for ν which includes a contribution from the nuclear pp reaction which produces only νe at the
source. The other source channels are thermal reactions which produce ν and ν̄ in equal measure.
The bottom panels show the fractions of the total flux provided by the individual mass eigenstates.
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scattering [288]. Once again, solar neutrinos could be a limiting background, now
those with keV energies that emerge from various thermal processes in the solar
plasma which has a typical temperature of 1 keV. While this idea is futuristic with
present-day technology, it gives us another motivation to consider keV-range solar
neutrinos.

5.2 Plasmon decay

5.2.1 Matrix element

We begin our calculation of neutrino pair emission from the solar interior with plasmon
decay, γ → νν̄, the process of Fig. 5.1 involving the smallest number of participating
particles. This process is also special in that it has no counterpart for axion emission.
In any medium, electromagnetic excitations with wave vector k = (ω,k) acquire
a nontrivial dispersion relation that can be written in the form ω2 − k2 = Π(k),
where Πk = Π(k) is the on-shell polarization function. I will always consider
an unmagnetized and isotropic plasma. It supports both transverse (T) modes,
corresponding to the usual photons, and longitudinal (L) modes, corresponding
to collective oscillations of electrons against ions. Whenever Πk > 0 (time like
dispersion), the decay into a neutrino pair, taken to be massless, is kinematically
allowed. For both T and L modes, neutrino pairs are actually emitted by electrons
which oscillate coherently as a manifestation of the plasma wave.

γ(k)
ν̄(k2)

ν(k1)

Figure 5.3: Plasmon decay mediated by electrons of the medium.

Therefore, plasmon decay and actually all other processes significant for thermal
pair emission in the Sun depend on the neutrino-electron interaction. At low energies,
it is given by the effective neutral-current interaction

Lint =
GF√

2
ψ̄eγ

µ(CV − CAγ5)ψe ψ̄νγµ(1− γ5)ψν , (5.2.1)

where GF is Fermi’s constant. The effective vector (V) and axial-vector (A) coupling
constants include a neutral-current contribution and for νe also a charged-current
piece from W± exchange. Altogether one finds

CV = 1
2
(4 sin ΘW +1) and CA = +1

2
for νe, (5.2.2a)

CV = 1
2
(4 sin ΘW−1) and CA = −1

2
for νµ and ντ , (5.2.2b)
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where 4 sin2 ΘW = 0.92488 in terms of the weak mixing angle. In particular, this
implies that the rates of A processes, proportional to C2

A = 1/4, are the same for all
flavors. On the other hand, the rates for V processes are proportional to

C2
V = 0.9263 for νeν̄e and C2

V = 0.0014 for νµ,τ ν̄µ,τ . (5.2.3)

Thus for heavy-lepton neutrinos we may safely ignore the vector-current interaction,
i.e., such processes produce an almost pure νeν̄e flux.

Plasmon decay has been extensively studied in the literature [289–293]. The
squared matrix element for the transition γ → νν̄ with photon four-momentum
k = (ω,k) and ν and ν̄ four momenta k1 = (ω1,k1) and k2 = (ω2,k2) is found to be
(see Fig. 5.3),

|Mγ→νν̄ |2=
C2

VG
2
F

8πα
ZkΠ2

k εµε
∗
νN

µν , (5.2.4)

where α = e2/4π is the fine-structure constant. Zk is the on-shell wave-function
renormalization factor and Πk the polarization factor appropriate for the T or L
excitation. The photon polarization vector is εµ with εµε∗µ = −1. The neutrino
tensor, appearing in all pair emission processes, is

Nµν = 8(kµ1k
ν
2 + kν1k

µ
2 − k1·k2 g

µν + iεαµβνk1αk2β). (5.2.5)

Inserting this expression in the squared matrix element yields

|Mγ→νν̄ |2=
C2

VG
2
F

πα
ZkΠ2

k (ε∗·k1 ε·k2 + ε·k1 ε
∗·k2 + k1·k2) . (5.2.6)

Notice that the axial-vector interaction does not induce plasmon decay under the
approximations described. This is particularly obvious in the nonrelativistic limit
where we can think of the emission process as dipole radiation from coherently
oscillating electrons, whereas the electron spins, responsible for non-relativistic axial-
current processes, do not oscillate coherently. The absence of a sizeable axial-current
rate implies that plasmon decay produces with high accuracy only νeν̄e pairs.

5.2.2 Nonrelativistic limit
In a classical plasma (nonrelativistic and nondegenerate), the electromagnetic dis-
persion relations for transverse (T) and longitudinal (L) plasmons are found to
be

ω2|T = ω2
p

(
1 +

k2

ω2
p + k2

T

me

)
+k2 and ω2|L = ω2

p

(
1 + 3

k2

ω2
p

T

me

)
. (5.2.7)

The plasma frequency is given in terms of the electron density ne by

ω2
p =

4παne
me

. (5.2.8)
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In the Sun, T . 1.3 keV so that T/me . 0.0025 and with excellent approximation
we may limit our discussion to the lowest-order term. Moreover, the lowest-order
expression pertains to any level of degeneracy as long as the electrons remain
nonrelativistic. In this case, T modes propagate in the same way as particles with
mass ωp, i.e., ω

2 = k2 +ω2
p, whereas L modes oscillate with a fixed frequency ω = ωp,

independently of k. Therefore, the L-plasmon dispersion relation is time-like only
for |k|< ωp, so only these soft quanta can decay into neutrino pairs.

In the nonrelativistic limit and using Lorentz gauge one finds ZT = 1, ΠT = ω2
p,

ZL = ω2
p/(ω

2
p − k2) and ΠL = ω2

p − k2. Without loss of generality, we may assume
the photon to move in the z direction. The T polarization vectors are in this case
εµ = (0, 1, 0, 0) and εµ = (0, 0, 1, 0), respectively, whereas the L case with |k|< ωp has
εµ = (|k|, 0, 0, ωp)/(ω2

p − k2)1/2. In Coulomb gauge one finds different expressions for
the L quantities.

5.2.3 Decay rate and spectrum

Next we consider the decay rate of a transverse or longitudinal on-shell plasmon with
wave vector k and ask for its decay rate

Γγ→νν̄ =

∫
d3k1

(2π)3

d3k2

(2π)3

|Mγ→νν̄ |2
2ω 2ω1 2ω2

(2π)4 δ4(k − k1 − k2) . (5.2.9)

In a nonrelativistic plasma one easily finds the usual result

ΓT = Γp

ωp

ωk

and ΓL = Γp

(ω2
p − k2)2

ω4
p

with Γp =
C2

VG
2
Fω

5
p

48π2α
. (5.2.10)

For T plasmons ωk = (ω2
p + k2)1/2 with 0 ≤ |k|< ∞, whereas for L plasmons the

decay is allowed for 0 ≤ |k|< ωp. The T case is reminiscent of a decaying particle
with mass ωp where the laboratory decay rate is time-dilated by the factor ωp/ωk.
In the limit k→ 0 both rates are the same. Indeed, in the limit of vanishing wave
number one cannot distinguish a transverse from a longitudinal excitation.

We are primarily interested in the neutrino energy spectrum. The symmetry of
the squared matrix element under the exchange k1 ↔ k2 implies that it is enough to
find the ν spectrum which is identical to the one for ν̄. Therefore, in Eq. (5.2.9) we
integrate over d3k2 to remove the momentum delta function, and over dΩ1 to remove
the one for energy conservation. Overall, with ων = ω1 we can write the result in the
form

dΓ

dων
= Γ g(ων) , (5.2.11)

where g(ων) is a normalized function. For T plasmons, averaged over the two
polarization states, I find

gT(ων) =
3

4

k2 + (ωk − 2ων)
2

|k|3
for

ωk − |k|
2

< ων <
ωk + |k|

2
(5.2.12)
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and zero otherwise. If the T plasmon were an unpolarized massive spin-1 particle,
this would be a top-hat spectrum on the shown interval, corresponding to isotropic
emission boosted to the laboratory frame. However, the T plasmon misses the third
polarization state so that even unpolarized T plasmons do not show this behavior.
For L plasmons I find

gL(ων) =
3

2

k2 −
(
ωp − 2ων

)2

|k|3
for

ωp − |k|
2

< ων <
ωp + |k|

2
(5.2.13)

and zero otherwise, with the additional constraint 0 ≤ |k|< ωp.
I show these distributions in Fig. 5.4. Assuming equal ω for both types of

excitations and also equal k, the distributions add to a top-hat spectrum of the form
2
3
gT(ων) + 1

3
gL(ων) = 1/|k| on the interval (ω − |k|)/2 < ων < (ω + |k|)/2, i.e., this

average resembles the decay spectrum of an unpolarized spin-1 particle. However,
the dispersion relations are different for T and L plasmons so that, for equal k, they
have different ω and these distributions are not on the same ων interval. The only
exception is the k→ 0 limit when ω → ωp for both types.
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Figure 5.4: Normalized ν spectrum from transverse and longitudinal plasmon decay γ → νν̄. For T
plasmons ω = (ω2

p + k2)1/2, whereas for L plasmons ω = ωp.

5.2.4 Thermal emission spectrum
As our final result we determine the spectral emission density from a nonrelativistic
plasma with temperature T . The number of neutrinos emitted per unit volume per
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unit time per unit energy interval from T plasmon decay is

dṅν
dων

∣∣∣
T

=

∫
Vk

d3k

(2π)3

2ΓTgT(ων)

eωk/T − 1

=
3 ΓpωpT

4π2

∞∫
ων+

ω
2
p

4ων

dω

T

1

eω/T − 1

[
1 +

(ω − 2ων)
2

ω2 − ω2
p

]
. (5.2.14)

The integration is over the volume in k-space allowed by the decay kinematics given
in Eq. (5.2.12) and the factor of 2 accounts for two transverse degrees of freedom.
For ων � ωp the required plasmon energy is large so that we may approximate
eω/T−1→ eω/T and (ω−2ων)

2/(ω2−ω2
p)→ 1. In this case the dimensionless integral

is 2e−ω
2
p/4ωνT , i.e., this neutrino flux is exponentially suppressed at low energies due

to the exponential suppression of the density of T-plasmons with sufficient energy.
In Fig. 5.5 I show the dimensionless integral as a function of ων/T for ωp/T = 0.25
and 1. Notice that in the central solar region T = 1.3 keV and ωp = 0.3 keV so
that ωp/T = 0.25 corresponds approximately to conditions of the central Sun. The
external shells of the Sun, where ω2

p/T is smaller, turn out to be relevant for the
lowest energy neutrinos from T-plasmon decay. However, I will show later that this
contribution is subdominant.

For L plasmons, the integral over the initial photon distribution yields the
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Figure 5.5: Neutrino spectrum from thermal plasmon decay. Left panel: Transverse plasmons. The
curves represent the dimensionless integral in Eq. (5.2.14) and correspond to ωp/T = 0.25 and
1 as indicated. Right panel: Longitudinal plasmons. The curve is the dimensionless integral in
Eq. (5.2.15). To make the vertical scale comparable to T plasmons, a factor (ωp/T )/(eωp/T − 1) =
1 +O(ωp/T ) must be included.
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spectrum of the number emission rate

dṅν
dων

∣∣∣
L

=

∫
Vk

d3k

(2π)3

ΓLgL(ων)

eωp/T − 1

=
3Γp ω

2
p

4π2(eωp/T − 1)

ωp∫
|ωp−2ων |

d|k| |k|
(
ω2

p − k2
)2

ω6
p

[
1− (ωp − 2ων)

2

k2

]

=
3Γp ωpT

4π2

ωp/T

eωp/T − 1

(
2 + 3y2 − 6y4 + y6

12
+ y2 log|y|

)
, (5.2.15)

where y = (2ων − ωp)/ωp equivalent to ων = (y + 1)ωp/2. L plasmons have the fixed
energy ωp, yet neutrinos from decay occupy the full interval 0 < ων < ωp owing to
the peculiar L dispersion relation. The neutrino distribution is symmetric relative to
ων = ωp/2. In Fig. 5.5 I show the dimensionless ων distribution which is universal
for any value of ωp.

For ων � ωp the dimensionless integral can be expanded and yields (32/3) (ων/ωp)4,
i.e., the spectrum decreases as a power law. Because the T-plasmon spectrum de-
creases exponentially, the L-plasmon decay provides the dominant neutrino flux
at very low ων . This point is illustrated in Fig. 5.6 where I show both spectra in
common units of 3ΓpωpT/4π

2 for ωp/T = 0.25 on a log-log-plot. The central solar
temperature is 1.3 keV, so L-plasmon decay takes over for sub-eV neutrinos where
the overall rate is extremely small.
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Figure 5.6: Neutrino spectrum from thermal T and L plasmon decay for ωp/T = 0.25 in units of
3ΓpωpT/4π

2. At very low energies, L-plasmon decay dominates.

5.2.5 Compton pole process?

Thus far we have used kinetic theory in that we treat the excitations of the medium
as free particles which propagate until they decay or collide. Plasmons were treated
as quasi-stable excitations, distributed as an ideal Bose gas, which occasionally decay
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into a neutrino pair. In a previous study of solar thermal neutrino emission [275]
another channel was considered in the form γ+ e− → e−+γ followed by γ → νν̄, i.e.,
the decaying plasmon was treated as an intermediate virtual particle in a Compton-
like process. In its propagator, an imaginary part (a width) was included, but it was
stressed that this width is small and that one needs to integrate over a narrow range
of virtual energy-momenta near the on-shell condition. This “Compton plasmon pole”
process was found to dominate thermal pair emission, a finding that would change
everything about neutrino energy losses from stars.

However, this result is spurious. In a plasma, of course any particle is an
intermediate state between collisions and as such a pole in a more complicated
process. It is the very basis of the kinetic approach to treat particles as on-shell states
coming from far away without memory of their previous history. This assumption
need not always be justified, but there is no particular reason why in the present
context it should not apply to the plasmon. Its width is very small as stressed in
reference [275].

On the other hand, it is not wrong to trace the plasmon one step back in its
collision history. In this case one must be consistent, however, as to which processes
produce and absorb plasmons and are thus responsible for its width. In reference [275]
the plasmon width was taken as a complicated expression from the literature based
essentially on inverse bremsstrahlung, whereas the last thing the plasmon did before
decaying was taken to be Compton scattering. In this way, their Eq. (11) includes
in the numerator essentially the Compton production rate, in the denominator the
imaginary part of the propagator based on inverse bremsstrahlung. The emission
rate gets spuriously enhanced by a large ratio of plasmon interaction rates based on
different processes.

In summary, as long as the plasmon width is small, as everybody agrees it is, the
“pole process” is identical with the plasmon decay process, not a new contribution.
The only difference is that for a given momentum, the plasmon energy distribution is
taken to follow a delta function (plasmon decay) or a narrow resonance distribution
(pole process). The overall normalization is the same in both cases.

5.2.6 Solar neutrino flux

We finally integrate the plasmon decay rate over a standard solar model and show
the expected neutrino flux at Earth in Fig. 5.7. A solar model from the Saclay group
which is described in more detail in appendix C is used. At this stage we do not
worry about flavor oscillations and simply give the all-flavor flux at Earth, recalling
that plasmon decay produces pure νeν̄e pairs at the source. One finds

ΦT = 4.12× 105 cm−2 s−1 and ΦL = 4.67× 103 cm−2 s−1 (5.2.16)

for the integrated fluxes at Earth.
The T plasmon flux now reaches much smaller energies than in Fig. 5.6 when we

considered conditions near the solar center. Very low-energy neutrinos from plasmon
decay require the plasmon to be very relativistic because the accessible energy range
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is ω − |k|< ων < ω + |k|, so the low-energy flux is exponentially suppressed due to
the exponential suppression of the density of high-energy plasmons. At larger solar
radii T is smaller, but ωp drops even faster and T plasmons are more relativistic.
Therefore, lower-energy neutrinos become kinematically allowed, i.e., lower-energy
neutrinos derive from larger solar radii. From Fig. 5.7 we conclude that the L plasmon
flux begins to dominate at energies so low that the assumption of massless neutrinos
is not necessarily justified.
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Figure 5.7: Solar neutrino flux at Earth from transverse and longitudinal plasmon decay. This is
the total ν flux produced as nearly pure νe in the Sun. There is an equal ν̄ flux. It is also shown
the low-energy tail of the usual flux from the nuclear pp reaction which are born as νe.

For comparison I also show the ν flux from the pp reaction that produces the
lowest-energy flux from nuclear reactions. All standard solar models agree on this
flux within around 1%, so we may use as a generic number 6.0× 1010 cm−2 s−1. The
reaction p + p → d + e+ + νe has a neutrino endpoint energy of Q = 420.22 keV.
Including the thermal kinetic energy of the protons in the solar plasma, the overall
endpoint of the solar spectrum is Q = 423.41 keV [63]. This reference also gives a
numerical tabulation of the solar νe spectrum from the pp reaction. Ignoring a small
e+ final-state correction, the spectrum follows that of an allowed weak transition of
the normalized form

dN

dων
=

ω2
ν (Q+me − ων)

√
(Q+me − ων)2 −m2

e

A5

=
(Q+me)

√
Q(Q+ 2me)

A5 ω2
ν +O(ω3

ν) (5.2.17)

where A = 350.8 keV if we use the solar endpoint energy. The analytic form of the
normalization factor A is too complicated to be shown here. The low-energy pp flux
spectrum at Earth is the power law

dΦpp

dων
= 8150 cm−2 s−1 keV−1

( ων
keV

)2

, (5.2.18)
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an approximation that is good to about ±1.5% for energies below 10 keV. This
shallow power law is simply determined by the low-energy neutrino phase space. It
dominates over plasmon decay at very low energies, although, of course, it does not
produce antineutrinos. I will show later that both are subdominant compared to the
neutrino flux produced in bremsstrahlung transitions.

5.3 Photo production

5.3.1 Matrix element and decay rate

The Compton process (Fig. 5.8), also known as photo production or photoneutrino
production, was one of the first processes to be considered as an energy-loss mech-
anism for stars [294–296]. In these older papers, only the energy-loss rate was
calculated, whereas the neutrino spectrum was calculated in the nonrelativistic limit
in reference [275] and for general kinematics in reference [297]. We restrict ourselves
to the nonrelativistic limit where electron recoils are neglected. The process then
amounts to the conversion γ → νν̄, catalyzed through bystander electrons which take
up three-momentum, and as such is somewhat similar to plasmon decay. However,
no plasma mass is needed because momentum is taken up by the electrons. Even
though we neglect recoils, the process is not “forward” for the electrons. We can
interpret plasmon decay as the coherent version of photo production.

e(p2)

ν̄(k2)

ν(k1)
e(p1)

γ(k)

Figure 5.8: Photo production of neutrino pairs (Compton process). A second diagram with vertices
interchanged is not shown.

In the nonrelativistic limit one finds for the squared matrix element, averaged
over initial spins and polarizations and summed over final ones,

|M|2 =
1

4

∑
ε,s1,s2

|M|2=
e2G2

F

ω2 MµνNµν (5.3.1)

where the neutrino tensor was given in Eq. (5.2.5). The nonrelativistic electron
tensor for the Compton process is [275]

Mµν =
∑
ε

{(
C2

V + C2
A

) (
−ωεµ + δµ0ε·q

) (
−ωεν + δν0ε·q

)
+C2

A

[
kµkν − (ε·q)2gµν

]}
, (5.3.2)

where ε is the photon polarization vector and q = k1 + k2 the four momentum carried
away by the neutrino pair.
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It is noteworthy that both the vector and axial-vector currents contribute on
comparable levels, in contrast to plasmon decay. This is heuristically understood if
we observe that the vector part amounts to electric dipole emission by the electron
being “shaken” by the incoming EM wave. The rate is proportional to (GF/me)

2

because the outgoing radiation couples with strength GF and the mass appears due
to its inertia against the acceleration. Axial-current emission amounts to magnetic
dipole emission caused by the electron spin. The coupling is through the electron
dipole moment ∝ 1/me, so the rate is also proportional to (GF/me)

2. In the case of
axion emission, γ + e→ e+ a, enabled by a derivative axial-vector coupling, the rate
is suppressed by a factor (ω/me)

2 relative to Compton scattering. For neutrinos the
coupling structure is the same for both axial and vector coupling. Note however that
these considerations require some handwaving and one should always check which
terms in the nonrelativistic expansion of the Hamiltonian contribute to a certain
order.

We use the symmetry under the exchange 1 ↔ 2 and integrate over the phase
space of ν̄ and over the angles of ν. With ωp = 0 one finds for the differential “decay
rate” of T plasmons with energy ω of either polarization

dΓω
dων

= ne
2

3

G2
Fα

π2m2
e

(
C2

V + 5C2
A

) (ω − ων)2ω2
ν

ω

[
1− 2

3

(ω − ων)ων
ω2

]
for ων < ω .

(5.3.3)
Integrated over the photon distribution it gives the familiar result [275]

dṅν
dων

= ne
2

3

G2
Fα

π4m2
e

∫ ∞
ων

dω ω2
ν(ω − ων)2 1

eω/T − 1

×
(
C2

V + 5C2
A

)
ω

[
1− 2

3

(ω − ων)ων
ω2

]
. (5.3.4)

Including the modified dispersion relation in the plasma with a nonvanishing ωp

leads to a more complicated expression that modifies the result for ω near ωp and
by up to a few percent elsewhere, for us a negligible correction. On the other hand,
at energies near ωp, Compton emission is subdominant relative to plasmon decay.
Moreover, one should then also worry about longitudinal plasmons which can be
understood as collective electron oscillations. One therefore would need to avoid
double counting between γL + e→ e+ νν̄ and bremsstrahlung e+ e→ e+ e+ νν̄,
see the related discussion in reference [298]. Therefore, we can use the emission rate
based on the ωp = 0 expression of Eq. (5.3.4), but we will include ωp in the phase
space of initial T plasmons, cutting off ω < ωp intial-state photons.

5.3.2 Correlation effects
So far we have assumed that electrons are completely uncorrelated and the overall
neutrino emission rate is the incoherent sum from individual scattering events.
However, electrons are anticorrelated by the Pauli exclusion principle and by Coulomb
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repulsion, both effects meaning that at the location of a given electron it is less
likely than average to find another one. These anticorrelations lead to a reduction
of the rate, i.e., we need to include a structure factor S(q2) where q = k− k1 − k2

is the three-momentum transfer. For photon transport, exchange effects produce a
7% correction in the solar center and less elsewhere, whereas Coulomb correlations
provide a 20–30% correction [299].

Beginning with the exchange correlation, a simple approach is to include a Pauli
blocking factor (1− fp) for the final state electron in the phase-space integration.
For nonrelativistic electron targets that barely recoil, the final-state p can be taken
the same as the initial one, so the overall reduction is the average Pauli blocking
factor

Rη =
2

ne

∫
d3p

(2π)3 fp(1− fp)

=

∫ ∞
0

dx x2

ex
2−η + 1

(
1− 1

ex
2−η + 1

)/∫ ∞
0

dx x2

ex
2−η + 1

, (5.3.5)

where the nonrelativistic degeneracy parameter η = (µ−me)/T is given by

ne = 2

∫
d3p

(2π)3

1

e
p
2

2meT
−η

+ 1

. (5.3.6)

It has been checked that this expression is indeed the |q|= κ→ 0 limit of 1 + hx(κ)
given in Eq. (6) of reference [299]. In this paper and the literature on solar opacities,
the Pauli blocking effect is interpreted as an anticorrelation of the electrons in analogy
to what is caused by a repulsive force. So we can picture Pauli effects either as a
blocking of final electron states in collisions or as an anticorrelation of initial-state
electron targets.

Next we turn to Coulomb repulsion where for solar conditions the structure
function can be reasonably approximated essentially by a Debye-Hückel screening
prescription [299]

Se(q
2) = 1− k2

e

q2 + k2
e + k2

i

. (5.3.7)

The screening scales are

k2
e = Rη

4παne
T

and k2
i =

4πα

T

∑
Z

Z2nZ , (5.3.8)

where nZ is the number density of ions with charge Ze. For electrons, the correction
factor Rη for partial degeneracy is included.9 For conditions of the central Sun

9Our Rη defined in Eq. (5.3.5) is the same as Rα defined in reference [299] by a ratio of
Fermi integrals. The overall structure factor was written in the form 1 + hx(κ) + hr(κ) with
hr(κ) = −Rηk2

e/(κ
2 + k2

e + k2
i ). However, for the exchange correlations, the κ→ 0 limit is justified

and Rη = 1 + hx(0) so that 1 + hx + hr = Rη −Rηk2
e/(κ

2 + k2
e + k2

i ) = RηSe(κ). In other words,
the exchange correlations indeed amount to a global factor Rη for final-state Pauli blocking besides
a reduction of the electron screening scale k2

e .



5.3 Photo production 79

we have an electron density of about ne = 6.3 × 1025 cm−3 and a temperature
T = 1.3 keV, providing η = −1.425, leading to Rη = 0.927. The Debye-Hückel
scales are ke = 5.4 keV and ki = 7.0 keV. As these scales are comparable to a
typical momentum transfer there is no simple limit for Coulomb corrections. In our
numerical estimate of the solar emission we use a simple prescription to account for
this effect: the largest possible momentum transfer for an initial photon of energy ω
is |qmax|= 2ω. Using Se(4ω

2) to multiply Eq. (5.3.3) provides an upper limit to the
suppression caused by Coulomb correlations, i.e., the neutrino flux will be slightly
overestimated.

Coulomb correlations apply to processes where the electron density is the crucial
quantity, i.e., to the vector-current part proportional to C2

V. The axial-current
contributions, proportional to C2

A, depend on the electron spins which are not
correlated by Coulomb interactions. If an electron at a given location has a certain
spin, the chance of finding one with the same or opposite spin at some distance is the
same, i.e., the spins are not correlated. Therefore, the interference of spin-dependent
scattering amplitudes from different electrons average to zero and we do not need any
Coulomb correlation correction. Only the emission of νeν̄e has any V contribution and
in all cases, the A term strongly dominates. Therefore, overall Coulomb corrections
are small for photo production.

Treating exchange corrections as an average final-state Pauli blocking factor
reveals that it applies for both V and A processes. We can also see this point in terms
of initial-state correlations. Electrons of opposite spin are not correlated because
they can occupy the same location, whereas those with equal spin “repel” each other.
Therefore, the interference effects between initial electrons of equal and opposite
spins do not average to zero.

In summary, the photo production rate is reduced by the overall Pauli blocking
factor Rη given in Eq. (5.3.5) which in the Sun is a few percent. The terms
propoportional to C2

V, on the other hand, require the additional Coulomb structure
factor given in Eq. (5.3.7) which can be a 30% correction. The V channel essentially
applies only to νeν̄e emission, where Coulomb correlations provide an overall reduction
of perhaps 10%.

5.3.3 Solar neutrino flux
We now integrate the source reaction rate over our solar model and show the neutrino
flux in Fig. 5.9 on a linear scale. The blue curve derives from the V channel and
includes Coulomb correlations, whereas the orange curve applies to the A channel. To
obtain the proper flux the curves need to be multiplied with C2

V and 5C2
A, respectively.

In Fig. 5.10 I compare the axial-vector Compton flux for a single flavor with the
fluxes from T-plasmon decay and with pp neutrinos. While we have not included
the plasma frequency in the squared matrix element for the Compton process, we do
include it in the phase-space integration. In this way, the lowest-energy Compton
flux is suppressed and explains the kink in the low-energy flux. As a consequence,
the lowest-energy neutrino flux is dominated by plasmon decay. Notice that T-
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Figure 5.9: Neutrino flux from Compton production for the vector (blue) and axial-vector (orange)
interaction. For the proper flux, the V curve is to be multiplied with C2

V, the A curve with 5C2
A.

The difference between the blue and orange curves derives from Coulomb correlations which apply
only to the V channel. The Coulomb correlations were treated in an approximate way as described
in the text and the suppression could be slightly larger.
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Figure 5.10: Solar neutrino flux at Earth from the Compton process (axial-vector channel and only
one flavor) compared with the pp flux (only νe) and transverse plasmon decay (νe and equal flux
ν̄e). Flavor oscillations are not considered here.

plasmon decay produces almost exclusively νeν̄e pairs, whereas the axial-vector
Compton process produces equal fluxes of all flavors. For νeν̄e, there is an additional
contribution from the V channel. Apart from Coulomb-correlation corrections and
overall coefficients, the spectrum is the same as shown in Fig. 5.9. The flavor
dependence of fluxes at Earth will be studied later.

5.4 Bremsstrahlung

5.4.1 Matrix element

Next we consider bremsstrahlung production of neutrino pairs (Fig. 5.11), also known
as the free-free process, where we consider nuclei or ions with charge Ze to provide a



5.4 Bremsstrahlung 81

Coulomb potential without recoil. This process was not included in a previous study
of low-energy solar neutrino emission [275]. In general, it is the dominant energy
loss mechanism in stars with low temperature and high electron density [300,301].
The first differential flux evaluation was carried out for our nonrelativistic and
nondegenerate conditions a long time ago in reference [302], which has some flaws as
described below, and recently also for general conditions [303].

ν̄(k2)

ν(k1)
e(p1)

e(p2)

Ze

q

Figure 5.11: Bremsstrahlung production of neutrino pairs. The Coulomb potential is provided by a
heavy nucleus or ion with charge Ze taking up the momentum transfer q = (0,q). The outgoing
neutrino radiation carries the four-momentum k = k1 + k2 = (ω,k). There is a second diagram
with the vertices exchanged.

The scattering targets are taken to be very heavy (no recoil) with charge Ze and
number density nZ and the electrons are taken be nonrelativistic. The emission rate
of neutrino pairs per unit volume and unit time is then

ṅν = nZ

∫
d3p1

(2π)3

d3p2

(2π)3

d3k1

(2π)3

d3k2

(2π)3 f1(1− f2)

∑
s1,s2
|M|2

(2me)
22ω12ω2

2πδ(E1 − E2 − ω) ,

(5.4.1)
where the sum is taken over the electron spins and f1 and f2 are the initial and final-
state electron occupation numbers. The final-state neutrino radiation is described by
k = (ω,k) = k1 + k2 = (ω1 + ω2,k1 + k2). For the squared matrix element we find∑

s1,s2

|M|2=
8Z2e4

|q|4 ω2

(
G2

F

2

)(
C2

VM
µν
V + C2

AM
µν
A

)
Nµν , (5.4.2)

where the neutrino tensor was given in Eq. (5.2.5) and q is the momentum transfer
to the nucleus.

For nonrelativistic electrons, as usual we can ignore the transfer of three-momentum
to the external radiation so that q = p1 − p2. In this approximation we find

Mµν
V =

(q·kω )2 q·k
ω

q

q·k
ω

q qiqj

 and Mµν
A =

 q2 q·k
ω

q

q·k
ω

q
(
q·k
ω

)2
δij

 . (5.4.3)

With CV = CA = 1 one should find the bremsstrahlung rates in the old literature
before the discovery of neutral currents. However, the terms proportional to q·k/ω
are missing (see the steps from Eqs. (5) to (6) in reference [302]). For the V-case,
bremsstrahlung arises from the electron velocity abruptly changing in a collision. In
the nonrelativistic limit, the 0-component of the electron current remains unchanged.
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However, the squared matrix element is quadratic in the velocity change. Therefore,
a consistent nonrelativistic expansion requires to go to second order in the small
velocity everywhere. If one expands the electron current only to linear order before
taking the matrix element one misses some of the terms. A similar issue explains the
factor 2/3 difference in the axion bremsstrahlung calculation between reference [304]
(Eqs. (38) to (42)) and [305] (Eqs. (1) to (4)).

The electron gas is assumed to be isotropic, so in Eq. (5.4.1) we may first perform
an angle average over the electron direction, keeping their relative angle fixed. So
we average over the relative angle between q and k, leading to qiqj → 1

3
q2δij,

(q·k)q→ 1
3
q2 k, and (q · k)2 → 1

3
q2k2. Therefore, in an isotropic medium we may

write 〈∑
s1,s2

|M|2
〉

cos(q,k)
=

8Z2e4

3q2

(
G2

F

2

) (
C2

VM̄
µν
V + C2

AM̄
µν
A

)
Nµν

ω4 , (5.4.4)

where

M̄µν
V =

k2 ωk

ωk ω2δij

 and M̄µν
A =

3ω2 ωk

ωk k2δij

 . (5.4.5)

Notice that lowering the indices in this matrix changes the sign of the time-space
part (the 0j and j0 components), i.e., lowering the indices amounts to ωk→ −ωk.
For the contractions one finds explicitly

M̄µν
V Nµν = 16

[
ω1ω2(ω2

1 + ω2
2 + ω1ω2) + (k1·k2)2 − ω2 k1·k2

]
→ 16

3
ω1ω2

(
3ω2

1 + 3ω2
2 + 4ω1ω2

)
, (5.4.6a)

M̄µν
A Nµν = 16

[
ω1ω2(2ω2

1 + 2ω2
2 + ω1ω2)− (k1·k2)2 + 4ω1ω2 k1·k2

]
→ 32

3
ω1ω2

(
3ω2

1 + 3ω2
2 + ω1ω2

)
. (5.4.6b)

The second expressions apply after an angle average over the relative directions of k1

and k2 where k1·k2 → 0 and (k1·k2)2 → 1
3
ω2

1ω
2
2.

5.4.2 Emission rate
We may write the neutrino pair emission rate of Eq. (5.4.1) in a way that separates
the properties of the emitted radiation (the neutrino pairs) from the properties of
the medium (thermal electrons interacting with nuclei) and find

ṅν = nZne
8Z2α2

3

∫
d3k1

2ω1(2π)3

d3k2

2ω2(2π)3

(
GF√

2

)2
(
C2

VM̄
µν
V + C2

AM̄
µν
A

)
Nµν

ω4 S(ω) ,

(5.4.7)
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where ω = ω1+ω2 is the energy carried away by a neutrino pair. Collecting coefficients
in a slightly arbitrary way, the relevant response function of the medium is

S(ω) =
(4π)2

(2me)
2

1

ne

∫
d3p1

(2π)3

d3p2

(2π)3 f1(1− f2)
1

q2 2πδ(E1 − E2 − ω) , (5.4.8)

where q = p1−p2 is the momentum transfer in the electron-nucleus collision mediated
by the Coulomb field. We see that for both vector and axial vector emission it is
the same property of the medium causing the emission. We will return to this point
later for the free-bound and bound-bound emission processes because we can relate
both vector and axial-vector processes to the monochromatic photon opacities, the
latter providing us essentially with S(ω).

We now integrate over neutrino emission angles and find the neutrino emission
spectrum by using ω1 = ων and ω2 = ω − ων . Integrating over the anti-neutrino
energy we find

dṅν
dων

= nZne
8Z2α2

3

(
GF√

2

)2
1

3π4

∫ ∞
ων

dω S(ω)
ω2
ν(ω − ων)2

ω4

×
[
C2

V

(
3ω2 − 2ωων + 2ω2

ν

)
+ 2C2

A

(
3ω2 − 5ωων + 5ω2

ν

)]
, (5.4.9)

which is the rate of neutrino emission per unit volume, unit time, and unit energy
interval. The same spectrum applies to antineutrinos because all expressions were
symmetric under the exchange 1↔ 2.

5.4.3 Photon and axion emission

It is useful to compare the bremsstrahlung emission rate of neutrino pairs with that
of photons and axions to connect to the previous literature and, more importantly,
to relate the bremsstrahlung absorption rate of photons to the neutrino pair emission
rate. For photon emission, the neutral-current interaction of Eq. (5.2.1) gets replaced
by ieψ̄eγ

µψ̄eAµ. On the level of the squared matrix element, or rather, on the level
of the emission rate, this substitution translates to

ṅγ = nZne
8Z2α2

3

∫
d3k

2ω(2π)3 e
2 M̄

µν
V εµεν

ω4 S(ω) . (5.4.10)

For the contraction we find M̄µν
V εµεν = ω2. We have used the polarization vector

for a transverse photon (not a longitudinal plasmon) so that k·ε = 0, ε0ε0 = 0, and
ε·ε = 1. So the spectral photon production rate per transverse polarization degree
of freedom is

dṅγ
dω

= nZne
8Z2α2

3

α

π

S(ω)

ω
. (5.4.11)

This quantity is directly related to the medium response function S(ω). Therefore,
we can express the neutrino emissivity of Eq. (5.4.9) in terms of the photon emissivity
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as
dṅν
dων

=
G2

F

6π3α

∫ ∞
ων

dω

(
dṅγ
dω

)
ω2
ν(ω − ων)2

ω3

×
[
C2

V

(
3ω2 − 2ωων + 2ω2

ν

)
+ 2C2

A

(
3ω2 − 5ωων + 5ω2

ν

)]
. (5.4.12)

Therefore, given the spectral photon emissivity, e.g. taken from the photon opacity
calculation, we can directly extract the neutrino emission spectrum. We will return
to this point in Sec. 5.5.

Axions couple to the electron axial current with an interaction of the deriva-
tive form (Ce/2fa) ψ̄eγ

µγ5ψe ∂µa, where a is the axion field, fa the axion decay
constant, and Ce a model-dependent numerical coefficient. One often uses a dimen-
sionless axion-electron Yukawa coupling gae = Ceme/fa so that the interaction is
(gae/2me) ψ̄eγ

µγ5ψe ∂µa. The bremsstrahlung emission rate is found to be

ṅa = nZne
8Z2α2

3

∫
d3k

2ω(2π)3

(
gae
2me

)2 M̄µν
A kµkν

ω4 S(ω) . (5.4.13)

For massless axions with ω = |k| we find for the contraction M̄µν
A kµkν = 2ω4.

Therefore, the spectral emissivity is

dṅa
dω

= nZne
8Z2α2

3

(
gae
2me

)2
ω

2π2 S(ω) . (5.4.14)

Notice that this spectrum is harder than the photon spectrum by a factor ω2 caused
by the derivative structure of the axion interaction. Still, fundamentally it depends
on the same medium response function S(ω). It has been checked that in the
nondegenerate limit this axion emission rate agrees with reference [304].

5.4.4 Medium response function and screening effects
The medium response function defined in Eq. (5.4.8) could be easily evaluated if
the nuclei used as scattering centers were uncorrelated. However, their Coulomb
interaction leads to anticorrelations encoded in an ion structure factor Si(q

2) similar
to the case of electron-electron correlations discussed in Sec. 5.3.2. Therefore, under
the integral in Eq. (5.4.8) we need to include Si(q

2), which we will discuss later. I
mention in passing that S(ω) given in Eq. (5.4.8), with or without including Si(q

2),
fulfills the detailed-balancing condition S(−ω) = S(ω) eω/T . Here a negative ω means
energy absorbed by the medium, whereas a positive ω for us always means energy
emitted, although in the literature one usually uses the opposite convention.

To write S(ω) in a more compact form we first note that the electron number
density is given by Eq. (5.3.6) in terms of the nonrelativistic degeneracy parameter η.
We further write the kinetic electron energy in dimensionless form as u = p2/(2meT )
so that the occupation number is fu = 1/(eu−η + 1). Then the structure function is

S(ω) =
π

me

√
2meT

s(ω/T ) (5.4.15)
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where

s(w) =

∫ ∞
0

du2

√
u1u2

eu1−η + 1

1

e−(u2−η) + 1

∫ +1

−1

dcθ
2meT

q2 Si(q
2)1

/∫ ∞
0

du

√
u

eu−η + 1
.

(5.4.16)
Here u1 = u2 + w and w = ω/T . Moreover, q2 = |p1 − p2|2= p2

1 + p2
2 − 2|p1||p2|cθ

with cθ = cos θ. Therefore, q2/(2meT ) = u1 + u2 − 2
√
u1u2 cθ.

Besides the original squared matrix element, this function depends on electron
degeneracy effects and Coulomb correlation effects encoded in Si(q

2). Anticipating
that electron degeneracy is not a large correction we first reduce this expression to
Maxwell-Boltzmann rather than Fermi-Dirac statistics. Formally this is the η → −∞
limit, leading to the non-degenerate (ND) structure function

sND(w) =

∫ ∞
0

du e−u−w
√

(u+ w)uFi(u,w)

/∫ ∞
0

du e−u
√
u , (5.4.17)

where the integral in the denominator is simply
√
π/2. The integral kernel is

Fi(u,w) =

∫ +1

−1

dcθ
2meT Si(q

2)

q2 . (5.4.18)

The ion structure function from Coulomb correlation effects will be an expression of
the type given in Eq. (5.3.7), but with the role of electrons and ions interchanged.
However, in a multi-component plasma, an exact treatment is difficult; because
screening will be a relatively small correction, we use

Si(q
2) =

q2

q2 + k2
s

, (5.4.19)

where ks is a phenomenological screening scale. We use ki given in Eq. (5.3.8) for
the ion correlations. With µ = k2

s /(2meT ) we therefore use

Fi(u,w) =

∫ +1

−1

dcθ
1

µ+ 2u+ w − 2
√

(u+ w)u cθ

=
1

2
√

(u+ w)u
log

(
µ+ 2u+ w + 2

√
(u+ w)u

µ+ 2u+ w − 2
√

(u+ w)u

)
. (5.4.20)

Without screening (µ = 0) this expression diverges logarithmically for small w.
However, for axion emission and neutrino pair emission, this divergence is moderated
by at least one power of ω, so even without correlation effects, the emission of soft
radiation does not diverge. Near the solar center one finds ki = 7 keV and with
T = 1.3 keV one finds µ = 0.037 � 1, so screening is not a strong effect. Overall
then the ND structure function is

sND(w) =
e−w√
π

∫ ∞
0

du e−u log

(
µ+ 2u+ w + 2

√
(u+ w)u

µ+ 2u+ w − 2
√

(u+ w)u

)

→ 2e−w√
w

(large w) (5.4.21)
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Figure 5.12: Structure function ews(w) for bremsstrahlung. Blue line: Non-degenerate electrons
given in Eq. (5.4.21) without Coulomb correlations (µ = 0). Orange line: Coulomb correlations
included with µ = 0.04 appropriate for the solar center. Red line: Electron degeneracy included
with η = −1.4 appropriate for the solar center. Green line: Asymptotic form for large w = ω/T .

In Fig. 5.12 I show ewsND(w) with and without Coulomb correlation effects and the
asymptotic form for large w. I also show as a red line ews(w) including Fermi-Dirac
statistics for the electrons with η = −1.4, appropriate for the solar center.

While correlation effects strongly modify the structure function at low energy
transfer, this effect is much smaller after folding with the neutrino phase space
according to Eq. (5.4.9). Even without correlations, the neutrino spectrum does not
diverge at low energies. Including Coulomb correlations reduces it at low energies
by some 20% and only by very little in the main keV-range of the spectrum. Pauli
blocking of final states provides a further 5% suppression effect at very low energies,
so overall these are fairly minor effects.

5.4.5 Electron-electron bremsstrahlung
The electron-electron bremsstrahlung process is similar to electron-proton bremsstrahlung
with a number of important modifications [304]. The vector-current emission rate
is of higher order in velocity—the simple dipole term vanishes in the scattering of
equal-mass particles. In the non-degenerate and non-relativistic limit and ignoring
Coulomb correlations, the axial-vector rate is 1/

√
2 that of the electron-proton rate.

In other words, we obtain the ee bremsstrahlung rate from the axial-current part of
Eq. (5.4.9) with the substitution Z2nZne → n2

e/
√

2.
Taking degeneracy effects and Coulomb correlations exactly into account would

be very hard. Instead we simply add the electron-electron term to the electron-ion
one and therefore use the same treatment as for the latter. These corrections are
rather small and ee bremsstrahlung is subdominant, so the overall error introduced
by this approach is on the level of a few percent.
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5.4.6 Solar neutrino flux
As a final step we integrate the bremsstrahlung emission rate over our standard solar
model to obtain the neutrino flux at Earth. In Fig. 5.13 I show separately the vector
and axial-vector contributions from electron-ion scattering as well as the one from
electron-electron scattering which only contributes in the axial channel. These curves
need to be multiplied with the flavor-dependent values of C2

V and 2C2
A to obtain the

proper fluxes. For the electron-ion contributions, I include only hydrogen and helium
as targets. The contribution from metals is only a few percent and will be included
in the opacity-derived flux in Sec. 5.5.

Finally I show in Fig. 5.14 the axial-channel bremsstrahlung flux for one flavor in
comparison with the νe flux from the nuclear pp reaction and from T plasmon decay.
Similar to the Compton process, the bremsstrahlung flux becomes important in the
cross-over region between the T-plasmon and pp fluxes.

Bremsstrahlung is the dominant contribution at very low energies. From Eq. (5.4.9)
we see that for very low neutrino energies, the spectrum varies as ω2

ν , independently
of details of the structure function S(ω). This scaling remains true after integrating
over the Sun, so the very-low energy thermal emission spectrum scales as ω2

ν and
thus in the same way as the pp flux given in Eq. (5.2.18).

5.4.7 Beyond the Born approximation

Traditionally the bremsstrahlung emission rate of neutrinos and other particles is
calculated in Born approximation starting with the usual Feynman rules. However,
the bremsstrahlung emission by a non-relativistic electron scattering on an ion
receives a significant modification if one uses appropriately modified electron wave
functions instead of plane waves, a point first discussed in the context of x-ray
production in free-free transitions a long time ago by Sommerfeld [306]. Such an

0 2 4 6 8
0.0

0.5

1.0

1.5

2.0

Neutrino Energy ων [keV]

F
lu
x

[1
0
5
cm

-
2
s
-
1
ke
V
-
1
]

Figure 5.13: Neutrino flux from bremsstrahlung production for the vector (blue) and axial-vector
(orange) electron-ion interaction, and from the ee interaction (green) which contributes only in the
axial-vector channel. For the proper flux, the blue curve is to be multiplied with C2

V, the orange
and green curves with 2C2

A.
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Figure 5.14: Solar neutrino flux at Earth from the axial-channel bremsstrahlung process (eI and ee
contributions) for one flavor, compared with the pp flux (only νe) and transverse plasmon decay
(νe and equal flux ν̄e). Flavor oscillations are not considered here.

enhancement in bremsstrahlung emission arises because of the long-range Coulomb
potential. It is the counterpart of what is known as Fermi-Coulomb function in the
context of beta decay and of the so-called Sommerfeld enhancement, to be taken into
account in dark matter annihilation processes [307]. In these cases, the correction is
simply given by f(v) = |ψ(0)|2, i.e., by the normalization of the outgoing (or ingoing)
Coulomb distorted wave function

σ = σ0f(v) = σ0

2πZα

v

1

1− e 2πZα
v

, (5.4.22)

where σ0 is the cross section evaluated with plane waves and v is the velocity of the
outgoing (or ingoing) particle.

Such corrections have been extensively studied also for bremsstrahlung (see
e.g. reference [308]). Elwert found that a good approximation to correct the Born
scattering formula is obtained by simply multiplying Eq. (5.4.8) by the factor [309]

fE =
vi

vf

1− e
2πZα
vi

1− e
2πZα
vf

, (5.4.23)

which is the ratio |ψf(0)|2/|ψi(0)|2 of the final and initial state electron wave functions.
In Fig. 5.15 (green line) I show the effect on the overall solar neutrino flux of including
this factor in the bremsstrahlung rate, leading to a typical 20–30% enhancement. I
also show as an orange line the effect of including Coulomb correlations which reduce
the flux typically by some 5%. At very small energies, the Elwert factor becomes
less important and Coulomb correlations more important.

As previously noted in the context of solar axion emission [280], the Sommerfeld
correction is included in the photon opacity calculation. On the other hand, using
unscreened Coulomb wave functions in a stellar plasma is not fully consistent—the
true correction should be considerably smaller, especially for bremsstrahlung on
hydrogen and helium. Therefore, as in reference [280] we calculate these rates directly,
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not from the opacities, and leave out the Elwert factor, possibly underestimating the
true flux by some 10%. On the other hand, we will include the Coulomb correlation
factor. At keV-range energies this makes no big difference, but should be a reasonable
correction in the far sub-keV range where bremsstrahlung is the dominant flux and
the Elwert factor is small.

5.5 Free-bound and bound-bound transitions
The nuclei of the solar plasma are imperfectly ionized, notably the “metals” (elements
heavier than helium). Therefore, in addition to bremsstrahlung (free-free electron
transitions), free-bound (fb) and bound-bound (bb) transitions are also important
for particle emission. In the context of axion emission by electrons, these processes
imprint a distinctive line pattern on the expected solar axion flux [280]. Likewise,
the photon opacities, as input to solar models, depend strongly on these processes.
In reference [275] free-bound processes were included by explicit atomic transition
calculations for a number of elements.

However, following the approach taken in an earlier paper for calculating the
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Figure 5.15: Solar neutrino flux from bremsstrahlung production for axial-vector electron-ion
interaction, without corrections (blue), and including respectively correlations (orange) and the
Elwert factor (green). For the proper flux, the curves in the upper panels are to be multiplied with
2C2

A.
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solar axion flux [280], the emission rate can be related to the photon opacity by
Eq. (5.4.12), i.e., the neutrino emissivity is the same as the phase-space weighted
photon emissivity. Therefore, one can use the solar photon opacity from the literature
to derive the neutrino emissivity. In Sec. 5.4.3 we have derived the relation between
photon and neutrino emissivity explicitly for bremsstrahlung, but it applies in this
form to all processes where a nonrelativistic electron makes a transition in the
potential of an external scattering center which takes up momentum. In other words,
it applies in the long-wavelength approximation with regard to the electron. On the
other hand, this relation does not apply to electron-electron bremsstrahlung, the
Compton process, or plasmon decay.

While we could have used this relation to extract the bremsstrahlung emissivity
from the opacities, we have preferred to treat bremsstrahlung on hydrogen and helium
as well as electron-electron bremsstrahlung explicitly in the interest of completeness.
For the fb and bb transitions as well as bremsstrahlung on metals we proceed as in
reference [280] to extract the neutrino emissivity. In Fig. 5.16 I show the resulting
neutrino flux spectrum at Earth in comparison with the bremsstrahlung result on
hydrogen and helium derived earlier. I show the vector and axial-vector contributions,
each to be multiplied with the flavor-dependent C2

V or 2C2
A to arrive at the proper

flux. While the fb and bb contributions are subdominant relative to bremsstrahlung,
they dominate at higher energies. This behavior was to be expected because they
are more relevant than ff processes in the Rosseland opacities at any radius (see e.g.
Fig. 15 of reference [78]).
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Figure 5.16: Solar neutrino flux at Earth from free-free (ff), free-bound (fb) and bound-bound
(bb) electron-ion transitions for the vector (V) and axial-vector (A) contributions. The proper
fluxes are found by multiplying the curves with C2

V and 2C2
A, respectively. The ff curves include

bremsstrahlung on hydrogen and helium and are the same as in Fig. 5.13; they exclude electron-
electron bremsstrahlung. The fb+bb curves include bremsstrahlung on metals.
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5.6 Solar neutrino flux at Earth

5.6.1 Flavor-dependent fluxes
In order to consolidate the solar flux results from different thermal processes I show
the spectra at Earth in Fig. 5.17. In the left panel all contributions relevant for
the vector coupling are shown, where the true flux is found by multiplication with
the flavor-dependent value of C2

V. At low energies, plasmon decay dominates, at
intermediate ones bremsstrahlung, and at the highest energies Compton process. In
the right panel I show the analogous axial-vector result which does not have any
significant plasmon-decay contribution.
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Figure 5.17: Solar neutrino flux at Earth from the indicated processes, where “brems” includes ff,
fb and bb. Left panel: Vector coupling, for proper flux multiply with C2

V. Right panel: Axial-vector
coupling, for proper flux multiply with C2

A.

The intrinsic uncertainties of the various emissivity calculations should not be
larger than a few tens of percent concerning various issues of in-medium effects such
as correlations or Coulomb wave functions of charged particles. In addition, every
process has a different dependence on temperature, density and chemical composition
so that different standard solar models will produce somewhat different relative
weights of the different processes. We have not studied the variation of the different
flux contributions depending on different standard solar models, but the overall
uncertainty again should be in the general ten percent range.

One may show the same results in a somewhat different form if we observe
that the vector-current processes produce almost exclusively νeν̄e pairs, whereas the
axial-vector processes produce all flavors in equal measure. In the upper panels of
Fig. 5.18 I show these total fluxes, where now the coupling constants C2

V = 0.9263
and C2

A = 1/4 are included. In addition I show the νe flux from the nuclear pp
reaction. In the bottom panels I add the different source channels for every flavor
and show the keV-range fluxes for νe, ν̄e, and each of the other species, still ignoring
flavor oscillations.
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Figure 5.18: Flavor-dependent solar neutrino fluxes at Earth, ignoring flavor mixing. Top panels:
Thermal flux from vector-current interactions producing only νeν̄e pairs, axial-vector emission,
producing equal fluxes of every flavor, where x stands for e, µ or τ , and νe from the nuclear pp
reaction. Bottom panels: νe, ν̄e, and other single-species fluxes after adding the source channels.

5.6.2 Including flavor mixing

Flavor-eigenstate neutrinos are mixtures of three different mass eigenstates. After
propagating over a long distance, these mass eigenstates effectively decohere, so
the neutrino flux arriving at Earth is best described as an incoherent mixture of
mass eigenstates. It depends on the nature of a possible detector if these should be
re-projected on interaction eigenstates or if these fluxes can be used directly if the
detection channel is flavor blind. As we do not know the nature of such a future
detector, the neutrino flux in terms of mass eigenstates is the most natural form of
presentation.

The axial-current production channel has amplitude CA = +1/2 for νe and
CA = −1/2 for the other flavors, yet on the level of the rate (proportional to C2

A) all
flavors are produced in equal measure. Therefore, the density matrix in flavor space
is proportional to the 3×3 unit matrix and thus the same in any basis. Without
further ado we can think of the axial-current processes as producing mass eigenstates,
so in the upper panels of Fig. 5.18, the fluxes marked νx and ν̄x can be interpreted
as x standing for the mass indices 1, 2 and 3.

The vector-current channels, on the other hand, have the peculiar property of



5.6 Solar neutrino flux at Earth 93

producing almost exclusively e-flavored states as discussed earlier, which is also true
of the charged-current pp nuclear reaction. These states oscillate in flavor space after
production. The relevant oscillation scale is ωosc = ∆m2/2E = 3.8× 10−8 eV/EkeV

for the solar mass difference of ∆m2 = 7.5× 10−5 eV2 and using EkeV = E/keV. For
the atmospheric mass difference ∆m2 = 2.5× 10−3 eV2 the oscillation scale is ωosc =
1.25× 10−3 eV/EkeV. These numbers should be compared with the matter-induced
energy splitting between νe and the other flavors of ∆V =

√
2GFne = 7.6× 10−12 eV

for the electron density ne = 6 × 1025 cm−3 of the solar center. Therefore, for
keV-range neutrinos, the matter effect is very small and neutrino oscillations proceed
essentially as in vacuum. The source region in the Sun is much larger than the
oscillation length and is far away from Earth, so flavor oscillations effectively decohere
long before reaching here. Therefore, we may think of the e-flavored channels as
producing an incoherent mixture of mass eigenstates. On the probability level, the
best-fit mass components of νe are

p1 = 67.9%, p2 = 29.9%, p3 = 2.2%. (5.6.1)

On this level of precision, these probabilities do not depend on the mass ordering.
The final fluxes in terms of mass eigenstates were shown in Fig. 5.2 in Sec. 5.1 as
our main result.





Chapter 6
Distinguishing Dirac and Majorana
neutrinos by their gravi-majoron decays10

The mechanism to generate neutrino mass generation remains a mystery. A completely
new approach to explain small Dirac or Majorana neutrino masses [311] relies on
new physics at the low-energy frontier of particle physics instead of high-energy
extensions of the Standard Model. The key idea is that a hypothetical topological
vacuum susceptibility of gravity induces fermion condensation [312,313], that can
give rise to effective fermion masses [311]. If this effect is realized in nature, it is
most important for the lightest fermions and could be the unique origin of neutrino
masses.

Phenomenologically, neutrino condensation would be accompanied by the ap-
pearance of pseudoscalar Nambu-Goldstone bosons φ, similar to light mesons in
QCD, that can be interpreted as neutrino-antineutrino bound states [311,313] and
that were called gravi-majorons. This suggestive terminology is a bit of a misnomer
because majorons [314] were originally invoked to explain Majorana masses, whereas
it is a key point of our discussion that φ bosons appear for both the Dirac and
Majorana option. An important difference to conventional Nambu-Goldstone bosons
is that the ννφ vertex, due to its low-energy origin, “melts” for high-energy off-shell
situations so that constraints based on scattering processes, e.g. majoron production
in supernovae, typically do not apply [311,315]. On the other hand, decays of the
type νi →

(−)

ν j + φ proceed in the usual way.
While this scenario is somewhat speculative, it may become empirically motivated

in the near future. One predicts a neutrinoless Universe after photon decoupling, or
at least all neutrinos in the lowest mass state, due to decays and annihilations into
gravi-majorons [311]. If near-future cosmological observations [19] fail to detect a hot
dark matter component on the minimal level expected from oscillation experiments,
we may be forced to contemplate the absence of the usual cosmic neutrino background.

10This Chapter closely follows the discussion of L. Funcke, G. Raffelt and E. Vitagliano, “Dis-
tinguishing Dirac and Majorana neutrinos by their gravi-majoron decays,” arXiv:1905.01264,
submitted to Phys. Rev. D [310].
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Similar questions arise if the KATRIN experiment [316] detects a neutrino mass in
conflict with cosmological limits.

The gravitational mass model works for both Dirac and Majorana neutrinos.
Therefore, one important question remains how we can experimentally distinguish
between these two possibilities. In high-energy models, neutrinoless double-beta
(0νββ) decay [317] is the most promising approach and one that remains viable in
our scenario. Moreover, one predicts that the low-energy gravitational mass model
offers an additional opportunity through fast νi →

(−)

ν j + φ decays.
It is not new that details e.g. of radiative decays νi →

(−)

νj + γ depend on the Dirac
vs. Majorana nature [318, 319]. The γ spectrum in relativistic decays depends on
this property, inherited from the angular γ distribution relative to the spin of the
mother neutrino in its rest frame. However, radiative decays of light neutrinos are
usually too slow to be of any practical interest.

The νi →
(−)

ν j + φ decays in the gravitational mass model are fast enough to
distinguish between the Majorana and Dirac cases by using the flux and spectrum of
the daughter neutrinos. A Dirac neutrino νi decays into a neutrino, either active νj
or sterile Nj , whereas a Majorana neutrino always decays into an active state, which
however in a detector appears as either a neutrino νj or an antineutrino νj. This is
possible because a Majorana neutrino does not have a defined lepton number, and
what one calls antineutrino is simply a state with right-handed helicity.

A detector that can distinguish neutrinos from antineutrinos can identify the Dirac
or Majorana nature by looking at neutrino vs. antineutrino appearance, assuming an
asymmetry at the source. Moreover, given the source spectrum, the energy spectrum
depends on the nature of the mass term independently of an asymmetry at the
source. If the mass spectrum is degenerate, Majorana and Dirac particles can be
distinguished because spin-flip is not suppressed compared to spin conservation. As
a result, Majorana neutrinos would decay to antineutrinos, whereas Dirac neutrinos
would decay to sterile states.

6.1 Differences to previous majoron-like models

6.1.1 Dirac or Majorana neutrino nature
In contrast to the original majoron model [314], the gravitational neutrino mass
mechanism works for both Dirac and Majorana neutrinos. Therefore we can in
principle distinguish three possible scenarios:

(1) Pure left-handed Majorana case: If neutrinos are identical to their antiparticles
and no right-handed states exist, neutrinos are massless in the Standard Model.
The neutrino condensate then generates small left-handed Majorana masses.

(2) Pure Dirac case: If neutrinos are distinct from their antiparticles, right-handed
states exist and the condensate generates small effective Dirac masses.
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(3) Mixed case: If neutrinos are identical to their antiparticles and right-handed
states exist, the condensate generates Dirac masses as well as left- and right-
handed Majorana masses. In this case, the active and sterile Dirac states have
masses mν ∼ meV–eV and are substantially mixed.

For simplicity, I will focus on the minimal cases (1) and (2). In the former case, the
effective left-handed Majorana mass terms violate isospin by one unit but are allowed
after electroweak symmetry breaking. Here, let me note that only the condensate
but not gravity is assumed to violate isospin.

Concerning case (3), the only interesting aspect worth mentioning is that this
active-sterile neutrino scenario could be motivated by short-baseline anomalies [320].
While light sterile neutrinos generally conflict with cosmological constraints on
neutrino masses and the effective number of neutrino species [321], these tensions
disappear in the gravitational mass model, because (i) the mass bounds are weakened
[311, 322] and (ii) the active relic neutrino background is massless before photon
decoupling and therefore uncoupled to the sterile states.

Note that the presence of light sterile neutrinos would strongly distort the parame-
ter space for 0νββ decay [323] and could even make the decay vanish completely [324].
In contrast, gravi-majorons do not affect the 0νββ decay rate because their emission
is strongly suppressed (Sec. 6.1.3). Finally, there was a debate whether the 0νββ
decay rate might be altered because the gravitational neutrino masses are not hard
masses generated at high-energy scales but effective ones generated at the low-energy
condensation scale ΛG. However, since there is no momentum flow through the
masses generated by the condensate, we expect them to be indistinguishable from
hard neutrino masses in the 0νββ process.

6.1.2 Late neutrinoless Universe

Interactions between neutrinos and Nambu-Goldstone bosons are strongly constrained
by cosmological data. For example, almost the entire parameter space of the
“neutrinoless Universe” model [325], which evades the cosmological bounds

∑
imνi

.
0.2 eV [326], was ruled out by early-universe neutrino free-streaming constraints
[327–331] and precision measurements of the primordial radiation density [15]. In
contrast, gravi-majorons are not ruled out because they only arise in the late Universe
after photon decoupling.

When the Universe cools down to the low phase transition temperature TG .
Tdecoupling ∼ 0.3 eV, the neutrino condensate forms and the emerging gravi-majorons
φ ≡ {φk, ην} [311,313] start to interact with neutrinos through the same nonpertur-
bative gravitational vertex that is responsible for the neutrino masses,

Lint =
14∑
k=1

∂µφk

3∑
i,j=1

gij
mi +mj

νiγ
µγ5νj + iην

3∑
i,j=1

yijνiγ5νj + h.c. (6.1.1)
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Here, the φk are 14 (almost) massless Nambu-Goldstone bosons,11 ην is a massive
pseudo-Nambu-Goldstone boson with mην

∼ ΛG ∼ TG, and gij and yij are the
(off)diagonal couplings normalized to be dimensionless (with gii = yii = mi/ΛG). In
the following, we neglect the sum over k and assume conservatively that the couplings
are to a single Nambu Goldstone boson.

After the cosmological phase transition, the previously massless neutrinos become
massive, quickly decay into the lowest mass eigenstate, and (partially) annihilate into
gravi-majorons through the process ν + ν → φ+ φ [311]. Thus, the early-universe
massless neutrino “radiation” converts into massless gravi-majoron radiation after
photon decoupling. This almost complete annihilation could only be evaded in
the hypothetical presence of substantial neutrino asymmetries in the Dirac case,
weakening the cosmological neutrino mass bounds to

∑
mν < 4.8 eV at 95% CL [322].

To conclude, unless there are large primordial neutrino asymmetries, the gravi-
tational neutrino mass model [311] predicts a late neutrinoless Universe and could
be falsified by a cosmological neutrino mass detection, e.g. by the upcoming DESI
or Euclid surveys [19]. The KATRIN beta-decay experiment [316] could provide
a hint towards our predicted neutrinoless Universe if it detects an unexpectedly
large neutrino mass scale. One should stress that KATRIN’s measurement of the
electron energy spectrum would be unaffected by the gravi-majorons, because their
interactions take place on much longer timescales than the beta-decay process.

6.1.3 Stellar and laboratory bounds

One might naively expect that gravi-majorons are ruled out by astrophysical obser-
vations, because their couplings are severely constrained by stellar processes. As
explained in Ref. [315], the least suppressed two-photon coupling of the gravi-majorons
is gφγ ∼ (ΛG/me)

3/ΛG ∼ 10−10 GeV−1 for ΛG ∼ 0.1 eV, which at first sight is already
ruled out by constraints from solar axion experiments, gφγ . 0.88 × 10−10 GeV−1

at 95% CL for mφ . 0.02 eV [332]. However, the gravi-majoron production in
astrophysical environments with E � mν is additionally suppressed by (ΛG/E)n

due to the high-energy softening of the gravitational vertex, where n is an unknown
power-law exponent that has to be fixed by phenomenological requirements (as
discussed in [311,315]). Thus, the common relation between axion-like predictions for
laboratory and solar axion experiments does not apply [315]. By similar arguments
one also evades other astrophysical bounds on the gravitational ννγ, ννφ, νννν, eeφ,
and eeνν couplings.

Regarding laboratory experiments, the most important bounds on the emission
of conventional majoron-like bosons comes from 0νββ decay [333] and leptonic
decays of mesons [334]. Following the argumentation above, these bounds do not
apply to gravi-majorons because they and their couplings to the virtual intermediate
neutrinos dissolve in these high-energy processes. Moreover, just like any pseudoscalar
Nambu-Goldstone bosons, our gravi-majorons do not mediate long-range interactions

11Zero hard neutrino masses imply mφk
= 0, but some φk get mφk

∼ 10−33 eV(ΛG/0.1 eV)3 by
SU(2)W effects.
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in macroscopic systems due to their spin-dependent coupling. However, short-
distance fifth-force experiments can put important bounds on our new gravitational
interactions, as discussed in [311,315].

Note finally that the gravitational vertex suppression is due to the large four-
momentum transfer in the processes under consideration, which is why the suppression
does not apply to neutrino oscillations or to the neutrino decays considered in Sec. 6.2.

6.2 Neutrino decay rate
As predicted by the gravitational neutrino mass model [311], the presence of gravi-
majorons implies neutrino decay through the vertex of Eq. (6.1.1). The crucial new
point is that the Dirac and Majorana neutrino cases yield different decay channels,
so that the composition of the daughter neutrinos depends on the type of masses
generated through the gravitational mechanism.

6.2.1 Matrix element for the neutrino decay

Here I will calculate the matrix element for the decay process νi →
(−)

ν j + φ of a
Dirac or a Majorana neutrino with fixed initial spin and derivative coupling to a
gravi-majoron. In the case of Majorana neutrinos, I will assume that both the final
and initial neutrinos are Majorana particles. The interaction term in the Lagrangian
is

Lint = ∂µφ
∑
ij

gij
mi +mj

νiγ
µγ5νj + h.c. (6.2.1)

For the Dirac neutrino case, fixing the initial spin is equivalent to choosing an active
or a sterile initial state, whereas for a Majorana neutrino it simply means choosing if
it is a neutrino (left-handed) or an antineutrino (right-handed). Using the Feynman
rules of Ref. [335], I find

MD = gφ,ijuνjγ
µγ5uνiJ

φ
µ (Dirac) (6.2.2a)

MM = gφ,ijuνjγ
µγ5uνiJ

φ
µ × 2 (Majorana), (6.2.2b)

where I have neglected global phases and Jφµ = kµ is the gravi-majoron current.
Note that the matrix element for the Majorana case is twice as large as for the
Dirac case because the Hermitian conjugate in the Lagrangian also contributes to
the amplitude, so that the rate will be four times larger for a decaying Majorana
neutrino. This can be compared e.g. to radiative decays, for which the decay width of
Majorana neutrinos is two times larger than the decay width of Dirac neutrinos [336].
The global constant can be reabsorbed in the coupling definition.

Let us consider the case of a decaying Majorana neutrino. Squaring the amplitude
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one finds

|MM|2=
g2
ij

(mi +mj)
2 Tr

[
(/pi +mi)(1 + hiγ

5/Si)γ
µγ5

×(/pj +mj)(1 + hjγ
5/Sj)γ

νγ5
]
kµkν , (6.2.3)

where pi, pj and k are the four-momenta of νi, νj and φ respectively and I used [36]

uνuν =
1

2
(/p+mν)

(
1 + hγ5/S

)
(6.2.4)

with the spin vector

S =

( |p|
mν

,
Eν
mν

p̂

)
. (6.2.5)

The squared amplitude in Eq. (6.2.3) has 16 terms, 8 of which contain an odd number
of γµ and 4 of which have a γ5 so that they do not contribute for symmetry reasons.
The remaining terms give

|MM|2= 4 g2
ij

[
(pi · pj −mimj)(1 + hihjSi · Sj)− hihj(pi · Sj)(pj · Si)

]
. (6.2.6)

Analogously, one can compute the decay through a pseudoscalar coupling

Lint = iφ
∑
ij

gijνiγ5νj + h.c. (6.2.7)

and find explicitly that it has the same squared amplitude as in Ref. [337]. Notice
that there are two factors to be taken into account. The coupling in our interaction
Lagrangian is twice as large as in Ref. [337]; furthermore, I use a different spinor
normalization, so an additional factor 1/(4mimj) has to be included. Our results
agree with Ref. [337] but differ from the ones reported in Ref. [338], where the
couplings are defined as in our Lagrangian but the rate is quoted directly from
Ref. [337]; the results in Ref. [338] would be correct if they considered exclusively
Dirac neutrinos. In the following I will consider only the pseudoscalar coupling, as
the derivative coupling is equivalent to the latter.

After substituting Eq. (6.2.5) in (6.2.8), one can evaluate the squared amplitude
in the νi rest frame, where the spin vector S = (0,S), so that S · p = 0; the emission
of a certain helicity is not isotropic,

|MM|2 = 4 g2
ij

[
(miEj −mimj)

(
1− hihjEj

pj
|pj|
· Si
)
− hihj

(
mi

|pj|
mj

)
(pj · Si)

]
.

(6.2.8)

The anisotropy in the emission translates to different differential rates for different
helicity final states [319]. We can evaluate the squared amplitudes in the laboratory
frame, in which Ei � mi, finding for the helicity conserving decay

|MM
νi→νj+φ|

2 = 4 g2
ijmimj (A− 2) (6.2.9)
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and for the helicity flipping decay

|MM
νi→νj+φ|

2 = 4 g2
ijmimj

(
m2
i +m2

j

mimj

− A
)

, (6.2.10)

where

A ≡
(
miEj
mjEi

+
mjEi
miEj

)
. (6.2.11)

The decay rates for Dirac neutrinos to a neutrino or a sterile (right-handed) neutrino
are found by dividing these expressions by 4 and interpreting νj as a sterile state
Nj. These are the expressions that are relevant for the decay rate discussed in the
main text. As a final remark, the calculation I have carried out in this Section can
be repeated by substituting the external current Jµ to obtain the cross section of
neutrinos coherently scattering on nuclei. This allows for distinguishing Dirac from
Majorana neutrino by looking at the endpoint of the photon emitted by the nuclei,
even though the effect is very small [339].

6.2.2 Differential rate

The differential rate Γ for the decay νi →
(−)

ν j + φ in a generic reference frame is

dΓ =
1

2Ei
(2π)4δ(4)(pi − pj − k)|M|2 d3pj

(2π)32Ej

d3k

(2π)32ω
, (6.2.12)

where the squared amplitudes for both the helicity-preserving and helicity-changing
processes have been found previously; here, pi, pj and k are the four-momenta of νi,
νj and φ respectively. After integration over the gravi-majoron momenta and over
the direction of the neutrino, the differential rate is

dΓ

dEj
=

1

16πEi|pi|
|M|2 . (6.2.13)

In the laboratory frame, where Ei � mi, I find for Majorana neutrinos

dΓM
νi→νj+φ

dEj
=

g2
ij

4πEi|pi|
mimj (A− 2) (6.2.14a)

dΓM
νi→νj+φ

dEj
=

g2
ij

4πEi|pi|
mimj

(
m2
i +m2

j

mimj

− A
)

, (6.2.14b)

where A was defined in Eq. (6.2.11). Dirac neutrinos decay either into active (left-
handed) neutrinos or into sterile (right-handed) neutrinos Nj . The differential decay
rates equal 1/4 times the rates for Majorana neutrinos,

dΓD
νi→νj+φ

dEj
=

1

4

dΓM
νi→νj+φ

dEj
, (6.2.15a)

dΓD
νi→Nj+φ

dEj
=

1

4

dΓM
νi→νj+φ

dEj
. (6.2.15b)
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To get the total decay rates, the differential rates must be integrated over the allowed
energy range for the daughter neutrino νj,

Ei
2

(
1 +

1

x2
ij

)
− |pi|

2

(
1− 1

x2
ij

)
≤ Ej ≤

Ei
2

(
1 +

1

x2
ij

)
+
|pi|
2

(
1− 1

x2
ij

)
(6.2.16)

where xij ≡ mi/mj > 1. In the lab frame with Ei � mi, Eq. (6.2.16) reduces to

Ei

x2
ij

≤ Ej ≤ Ei . (6.2.17)

The decay rates for Majorana neutrinos are then

ΓM
νi→νj+φ =

g2
ijmimj

4πEi

(
xij
2
− 2 +

2

xij
log xij +

2

x2
ij

− 1

2x3
ij

)
, (6.2.18a)

ΓM
νi→νj+φ =

g2
ijmimj

4πEi

(
xij
2
− 2

xij
log xij −

1

2x3
ij

)
. (6.2.18b)

These results agree with the literature [337,340,341], if one accounts for the different
normalization of the couplings.

There are two important limits for these expressions: the case of a large mass
hierarchy mi � mj and the degenerate case mi ' mj . The latter remains allowed in
the gravitational mass model, because the cosmological mass bounds are substantially
weakened (Sec. 6.1.2). In the limit of a large mass hierarchy, one finds

ΓM
νi→νj+φ = ΓM

νi→νj+φ =
ΓM

tot

2
, (6.2.19)

where the total decay rate is

ΓM
tot =

g2
ijmi

4π

mi

Ei
; (6.2.20)

here, the first factor is the total decay rate in the rest frame of νi and mi/Ei is the
Lorentz factor.

The total decay rate in Eq. (6.2.20) yields the neutrino rest-frame lifetimes
τi = 1/Γi of

τ3

m3

' 4× 10−11

g2
32 + g2

31

s

eV
,

τ2

m2

' 1× 10−9

g2
21

s

eV
. (6.2.21)

For example, the smallest possible, normal-ordered neutrino masses of m1 = 0 meV,
m2 = 9 meV, and m3 = 50 meV [342] give

τ3 '
2× 10−12 s

g2
32 + g2

31

, τ2 '
9× 10−12 s

g2
21

. (6.2.22)
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Figure 6.1: Normalized energy distributions F (Ej/Ei) of the daughters νj and νj produced in the
decay of Majorana neutrinos νi → νj + φ (orange), νi → νj + φ (blue), and their sum (green), for
hierarchical (left panel) and degenerate (right panel) neutrino masses. For the Dirac case, the blue
curve instead refers to the decay to undetectable sterile states Nj .

The degenerate limit, mi ' mj, gives

ΓM
νi→νj+φ = 2ΓM

νi→νj+φ =
g2
ij(mi −mj)

3

3πm2
i

mi

Ei
. (6.2.23a)

This is the main difference with neutrino decays into scalars in a degenerate mass
scenario, where helicity flipping processes are strongly suppressed [338].12 Given
that the spin-flip processes are not suppressed (but their rate is different from the
spin-conserving ones), we can identify several different observables to distinguish
Majorana and Dirac neutrinos, as I will discuss in Sec. 6.3.

To show how the cases for Majorana and Dirac neutrinos are different, in Fig. 6.1
I plot the energy distributions F (Ej/Ei) of the daughter neutrinos produced in
the decay of the parent neutrinos νi, which is proportional to the differential rate
and normalized to the total decay rate. Let us begin with the decay of Majorana
neutrinos with energy Ei. In the upper panel of Fig. 6.1, I show the hierarchical
case, mi � mj. The spectrum of neutrinos and antineutrinos is a box given by
the sum of two triangles, one corresponding to outgoing νj and one to outgoing
νj. In the degenerate case mi ' mj shown in the lower panel of Fig. 6.1, the two
triangles are distorted, but the sum of the νj and νj distributions is still a box,
as the sum of Eqs. (6.2.14a) and (6.2.14b) is independent of energy. In the Dirac
case, the spectrum of active daughter neutrinos is only the orange triangle because

12Notice that the scalar decay rate of Majorana (M) and Dirac (D) neutrinos in Eq. (2.6) of
Ref. [338] needs to be corrected to

Γ
M(D)
scalar(νi → νj + φscalar) =

g2
scalar

ζM(D)π

(m2
i −m2

j )

Ei
(6.2.24)

where ζM = 1 and ζD = 4. This corrects for an inconsistency between the coupling definition
in their Lagrangian and their rate (if neutrinos are Majorana particles), as well as an incorrect
expansion of their Eq. (2.2). The author thanks Nicole Bell for communications on this point.
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the complement to the box, the blue triangle, corresponds to undetectable sterile
daughter neutrinos.

6.3 Constraints and detection opportunities
One of the possibilities to distinguish Majorana from Dirac neutrinos relies on the
observation of the differential energy spectrum from a source whose flux is known.
In this case, there is no need for an asymmetry between the initial neutrino and
antineutrino fluxes, because the differential energy spectrum is differently affected
by the decay depending on the nature of the neutrino mass.

A second possibility is given by the appearance or disappearance of neutrinos or
antineutrinos from a source whose flux is asymmetric between ν and ν. For example,
the Sun emits only neutrinos [129], besides a tiny contribution of antineutrinos
coming from heavy-element decay, which is much smaller than the geoneutrino
background [343, 344]. The detection of antineutrinos could point towards the decay
of Majorana neutrinos. Notice, however, that other explanations for such a detection
would be possible, e.g. a spin precession due to the existence of a neutrino magnetic
dipole moment [345].

Finally, the observation of a change in the flavor pattern in the neutrino flux from
a known source could in principle distinguish Majorana and Dirac neutrinos, if it is
possible to distinguish neutrinos from antineutrinos in the detector. Otherwise, it is
only possible to observe the decay, as the latter changes the neutrino composition in
terms of mass eigenstates of the flux.

6.3.1 Solar, atmospheric, and long-baseline neutrinos

The current constraints on neutrino decay for a normal nondegenerate mass ordering
are at 99% C.L.

τ3

m3

> 9.3× 10−11 s

eV
and

τ2

m2

> 1.0× 10−3 s

eV
. (6.3.1)

The bound on τ3 is obtained through an analysis of atmospheric and long-baseline
neutrinos [346], while the bound on τ2 has been recently obtained with updated solar
neutrino measurements [347], which have improved the previous estimate [348]. It is
important to notice that these bounds only apply to invisible neutrino decays, i.e., the
decay products are assumed not to cause significant signals in the detectors [346,348].
Moreover, I should stress again that these limits on the lifetimes assume a hierarchical
ordering [338,349]. The constraints in Eq. (6.3.1) require the off-diagonal couplings
to be √

g2
32 + g2

31 < 2× 10−1 and g21 < 3× 10−4 . (6.3.2)

These bounds on the couplings are valid both for Majorana neutrinos and, once
multiplied by a factor of 2, also for Dirac neutrinos. In the Majorana case, additional
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strong bounds can be obtained, because solar neutrinos would decay to antineutrinos
showing up at experiments like SNO [350] and KamLAND [351].

The analysis of KamLAND data gives bounds on the lifetime of ν2 Majorana
neutrinos of [351]

τ2

m2

> 6.7× 10−2 s

eV
(degenerate) (6.3.3a)

τ2

m2

> 1.1× 10−3 s

eV
(hierarchical) (6.3.3b)

at 90% CL, which translate to bounds on the coupling

g21 < 4× 10−5 (degenerate) (6.3.4a)

g21 < 3× 10−4 (hierarchical) . (6.3.4b)

Concerning ν3 decay, there is as yet no dedicated analysis in the context of
majoron models [342], presumably because it was not known until recently that
there is a small component of ν3 in electron neutrinos. To estimate the flux of ν3

from the Sun, we see that this mass eigenstate is not affected by matter effects, so
its component is simply |Ue3|2= 0.02 [352]. In conclusion, approximately 2% of the
neutrinos coming from the Sun are ν3. The bounds on the lifetime of ν3 Majorana
neutrinos are then

τ3

m3

> 1.3× 10−4 s

eV
(degenerate) (6.3.5a)

τ3

m3

> 2.2× 10−5 s

eV
(hierarchical) (6.3.5b)

at 90% CL, and the bounds on the coupling are finally√
g2

32 + g2
31 < 3× 10−4 (degenerate) (6.3.6)√

g2
32 + g2

31 < 2× 10−3 (hierarchical). (6.3.7)

These bounds apply to any model where neutrinos can decay to a light pseudoscalar.
A final remark concerns the possibility of using Borexino [82] to put competitive
bounds on the lifetime of solar neutrinos. The analysis in [82] only yields bounds
on the conversion of ν to ν assuming either equal shapes for the solar ν and the
converted ν or a unknown shape for the ν spectrum, while no dedicated analysis is
carried out for neutrino decay. An analysis of Borexino data is promising, because
of the large exposure time (10 years) and the low background. I will leave such an
analysis to future work.13

13This will be discussed in S. Appel, L. Oberauer, G. Raffelt and E. Vitagliano (for the Borexino
collaboration), “Solar antineutrino fluxes with Borexino at LNGS and neutrino decay,” work in
progress [353].
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6.3.2 IceCube and supernova neutrinos
Neutrino decays imply a distinct flavor composition of long-traveling astrophysical
neutrinos, because all neutrinos arrive in the lightest mass state. Observable decay
effects require Γi(mi/E) & D−1 and therefore [354]

gij & 5× 10−8

(
50 meV

mi

)(
E

10 TeV

)1/2(
100 Mpc

D

)1/2

. (6.3.8)

As mentioned in Ref. [311], the relatively weak constraints in Eq. (6.3.2) from
atmospheric, long-baseline, and solar neutrinos therefore imply that a deviation
from an equal neutrino flavor ratio (νe : νµ : ντ ) = (1 : 1 : 1) could be measured
at experiments such as IceCube. The latest IceCube data gives a best-fit ratio of
(0 : 0.2 : 0.8) but is consistent with ratios like (1 : 1 : 1) and (1 : 0 : 0) [355]. While
normal mass ordering would imply a dominance of νe due to ν1 = (0.68 : 0.11 : 0.21),
inverted ordering would yield a dominance of νµ and ντ due to ν3 = (0.02 : 0.54 :
0.44) [352]. An equal flavor ratio is not allowed, because only the intermediate
eigenstate ν2 has an almost equal flavor content. Thus, the predicted neutrino decays
are one possibility to test the gravitational neutrino mass model in future.

An additional question is whether one can distinguish Majorana from Dirac
neutrinos at IceCube. At low energies, the detector cannot distinguish neutrinos
from antineutrinos. Nevertheless, for neutrinos with energies around 6.3 PeV in
the laboratory frame, the Glashow resonance makes IceCube more efficient for νe
detection [356]. Such a resonance is the s-channel of the process νe + e− → W− →
να + l−α and allows the detector to distinguish neutrinos from antineutrinos. However,
the main problem here is the unknown asymmetry of the neutrino and antineutrino
fluxes. For analyzing IceCube data, it is customary to assume equal fluxes for να
and να, both in energy and flavor [357]. In this case, it would be impossible to
distinguish Majorana from Dirac neutrinos. However, in general, these fluxes are
expected to be different. Neutrinos are produced by the decay of charged pions. If
there is an asymmetry in charged-pion production, there will be an asymmetry in
neutrino fluxes. For example, the production mechanism p + γ → ∆+ → n + π+

involving proton collisions on photons of the environment (pγ sources) produces
no π− and thus no νe [356]. In the far future, a better understanding of neutrino
production in astrophysical sources would give us tools to distinguish the Majorana
from the Dirac scenario.

The same might be true for supernova neutrinos, which are expected to decay
into the lightest mass eigenstate while traveling to Earth. While this decay scenario
requires modified analyses of SN1987A neutrino spectra [311], it could also be probed
through the future detection of the supernova relic neutrino flux, i.e., the redshifted
neutrino background from all past supernovae. In Ref. [358] it was argued that
a complete decay scenario can potentially enhance the supernova relic neutrino
background density up to the current experimental detection bound, so that its
measurement might be feasible with near-future experiments.



Chapter 7
Axionlike particle detection with
multi-messenger astronomy14

High-energy multi-messenger astronomy can be used to search for signals of physics
beyond the Standard Model. In this Chapter we will explore the possibility that the
apparent excess in the extragalactic background light (EBL) spectrum detected by
the CIBER collaboration could be due to the decay of an axionlike particle with
mass around an electronvolt. Taking into account multi-messenger, multi-wavelength
observations, I will show that a warm dark matter component, produced either
thermally or non-thermally, can explain the enhanced EBL. The increased level
of EBL alleviates the tension between the neutrino flux detected at IceCube and
the gamma-ray flux measured by Fermi, assuming sources with pγ production, e.g.
blazars.

7.1 Introduction
Recently, the Cosmic Infrared Background Experiment (CIBER) collaboration has
claimed the detection of an unexpectedly large diffuse flux compared to theoretical
expectations in the 0.8–1.7 µm range of wavelengths [360]. This measurement is
complementary to other observations in the infrared band like the ones carried out by
AKARI [361] and IRTS [362]. Even if an astrophysical explanation of the detected
excess or systematic errors are not ruled out, it is worthwhile to speculate about a
possible flux due to big bang relics, such as an axionlike particles (ALP) with mass
around 1 eV. ALPs generalize the concept of the axion, introduced to solve the so-
called strong CP problem, which has a multifaceted phenomenology [363]. However,
ALPs could couple to particles other than photon, e.g. involving a hidden photon.
The contribution of such ALP decays to the cosmic infrared background (CIB) was
examined in Ref. [364]. In this Chapter we will revisit the hypothesis, taking into

14This Chapter closely follows the discussion of O. Kalashev, A. Kusenko and E. Vitagliano,
“Cosmic infrared background excess from axionlike particles and implications for multi-messenger
observations of blazars,” Phys. Rev. D 99 (2019) 023002, arXiv:1808.05613 [359].
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account the detector energy resolution, the possibility of warm dark matter, and the
implications of increased EBL for blazar multi-messenger observations.

While a solid lower bound to the CIB radiation can be obtained through deep
sky galaxy counts [365], the precise shape and intensity of the diffuse, unresolved
spectrum in the near-infrared wavelength range is still unknown. Direct measure-
ments [361,366,367] are difficult because of the large uncertainties caused by zodiacal
light. Theoretical models are also subject to uncertainties, which result in different
predictions [368–370]. The uncertainties make it difficult to identify any additional
contribution to the extragalactic background light (EBL) besides the standard flux
due to galaxy emission. Possible enhancements could come from ultraviolet red-
shifted photons produced by bottom-up astrophysical accelerators, ranging from high
redshift galaxies [371] to black holes [372].

The EBL can also be measured indirectly. Very high-energy gamma rays from
blazars have been used to set an upper limits on infrared background radiation [373],
by similar arguments to the ones discussed in Chapter 4. An indirect measurement
has been recently carried out using 739 active galaxies and one gamma-ray burst [374].
However, while such kinds of measurements could in principle strongly constrain
substantial contributions not resolved by deep galaxy surveys, the possibility of
secondary gamma rays produced by cosmic rays along the line of sight [375–379]
undermine these upper bounds.

In the last few years, searches for indirect probes of portals connecting the Stan-
dard Model of particle physics with the dark matter sector have been pursued [380].
ALPs as a DM candidate have recently received great attention due to the non-
detection of weakly interactive massive particles [381]. It is, therefore, important to
examine the CIB data in light of the ALP hypothesis.

Apart from the increase of the EBL, this hypothesis has an observable impact on
the propagation of TeV photons because it implies an enhanced opaqueness through
γγ → e+e− processes. A higher level of EBL would help alleviate the tension between
the observed neutrino spectrum and the gamma-ray spectrum of blazars, as discussed
below. This is a case study in which multi-messenger, multi-wavelength observations
can be exploited to obtain new tools to indirectly probe fundamental physics beyond
the Standard Model, making use of data from neutrino telescopes (IceCube), gamma-
ray satellites (Fermi-LAT) and sounding rockets equipped with infrared cameras
(CIBER), extending the already flourishing multi-messenger astronomy tools [234].

7.2 Flux from axionlike particle decay
We are interested in the redshift evolution of the diffuse infrared radiation produced
by the decay of a relic axionlike particle to a photon and a hidden photon, a→ γ+χ
[364, 383]. The possibility of having axions with suppressed two-photon coupling has
received some attention recently due to the peculiar phenomenology of photophobic
axions [384]. The decay is due to the Chern-Simons [385] interaction Lagrangian

L =
gaχγ

4
aF µνF̃ χ

µν (7.2.1)
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Figure 7.1: Photon intensity flux from a decaying cold dark matter ALP. Experimental data include
CIBER data with Kelsall ZL model (blue, continuous lines are systematic error), CIBER with
minimum EBL model (red), IRTS (green) [360,362]. The total flux (solid black) include the flux
from ALP decay and the astrophysical diffuse (dotted black), which we assume to be the upper
bound of the band reported in [382], shown in orange. Left, model A: ωmax = 1 eV, τ = 2× 1022 s,
R = 2/3. Right, model B : ωmax = 8 eV, τ = 1× 1016 s, R = 2× 10−4.

where F̃ µν = εµνρσF
µν/2. While such a coupling between dark matter and photons

is not directly motivated by other phenomena (like the QCD axion), experimental
signatures would be quite different from the ones of the QCD axion, motivating us
to explore this class of parametric models. The non-relativistic decay rate for the
ALP is found to be

Γ =
1

16π
|M|2 m

2
a −m2

χ

m3
a

=
g2
aχγ

128π

(m2
a −m2

χ)3

m3
a

(7.2.2)

where the squared amplitude averaged over final polarization states is |M|2 =
g2
aχγ(m

2
a −m2

χ)/8. This correctly reduces to the usual axion decay rate [386] when
mχ = 0 and one includes a factor of 2 due to the final state involving identical
photons, because we have to divide by 2 (identical particles in the final state) and
multiply by 4 the squared amplitude. Interestingly, the decay rate depends just on
one kinematic quantity in the non-relativistic approximation, namely, the maximum
available energy for the outgoing photon

ωmax =
m2
a −m2

χ

2ma

. (7.2.3)

The degeneracy would be broken if the ALP were non-negligibly relativistic.
The energy intensity (energy flux per unit of energy, time, surface per steradians)
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Figure 7.2: Same as Fig. 7.1, but assuming a decaying warm dark matter ALP. Left, model Cth:
Tth = 0.37T (0)

γ = 0.086 meV, ωmax = 1 eV, τ = 9 × 1021 s, Rth = 7 × 10−3. Right, model Cnth:
Tnth = 16.7 meV, ωmax = 1 eV, τ = 3× 1021 s, Rnth = 2/3× 10−3.

is computed from a window function W (z′, ω′),

I(ω) =
ω2

4π

dN

dSdωdt
= ω2

∫ ∞
z

dz′W (z′, ω′)

=
ω2

4π

∫ ∞
z

dz′

H(z′)

(1 + z)2

(1 + z′)3 e
−Γt(z

′
)

×
∫

d3p′a

(2π)32E ′a

d3p′χ

(2π)32E ′χ

ω′

4π2 × (2π)4δ(4)(p′χ + k′ − p′a)|M|2fa(p′a) , (7.2.4)

whereH(z) = H0
√

ΩΛ + ΩM(1 + z)3 is the Hubble function, z is the redshift at which
the flux is “observed”, z′ is the redshift at which a decays with a squared amplitude
|M|2, the frequency at the production point is ω′ = ω(1 + z′)/(1 + z) = ω(0)(1 + z′)
(as well as p′ = p(1 + z′)/(1 + z)), fa(pa) is the momentum distribution of the ALPs,
so that the number density (when there is no decay) is na =

∫
d3pa/(2π)3fa(pa). In

the following the superscript (0) will indicate comoving quantities. We here include
the reduction in the number density due to decay with rate Γ over the age of the
universe

t(z′) =
1

3H0√ΩΛ

log


√

ΩΛ + ΩM(1 + z′)3 +
√

ΩΛ√
ΩΛ + ΩM(1 + z′)3 +

√
ΩΛ

 , (7.2.5)

whereas we do not need to account for absorption; the latter is negligible in the
wavelength range under study. The only relevant process reducing the flux of a single
source is due to Thomson scattering [387]. However, Thomson scattering preserves
the energy of the scattering photon. As such, it is irrelevant in the case of diffuse
production with no significant fluctuations in the electron spatial distribution, which
we can consider in first approximation to be homogeneous. We will now explore two
main scenarios, involving cold dark matter or warm dark matter.
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7.2.1 ALP cold dark matter
Eq. (7.2.4) correctly reduces to Eq. (50) of [388], when one takes a cold dark matter
(CDM) distribution for the ALP population

fa(pa) = n(0)
a (2π)3δ(3)(pa)

(
|pa|/|p(0)

a |
)3

(7.2.6)

and gets rid of Dirac deltas. Integration over z′ yields

I(ω) =
1

4π
ω2(1 + z)2n(0)

a Γ

∫ ∞
z

dz′e−Γt(z
′
) δ[ω

′ − ωmax]

H(z′)

=
1

4π
ω(1 + z)3n(0)

a Γ e−Γt(z̃) θ[z̃ − z]

H(z̃)
; (7.2.7)

here, 1 + z̃ = (1 + z)ωmax/ω and θ[z̃ − z] is the Heaviside function. As expected, the
comoving intensity is simply found by multiplying with (1 + z)−4 (one power coming
from ω). For z = 0 this agrees with Eq. (3) of [364]. In the same paper, the three-fold
parameter space to explain the CIBER excess was explored. The maximum available
energy must be ωmax . 10.2 eV to avoid constraints due to reionization and more
stringently to the Lyman-alpha forest absorption spectrum. The lifetime Γ−1 should
be roughly of the order of the age of the Universe, and cannot be too small because
ALPs can be produced in astrophysical systems, modifying stellar evolution [364].

On the one hand, ALP decay to a photon plus a hidden photon avoids the direct
detection bounds on the coupling gaχγ , which instead constrains the gaγγ of standard
ALPs (decaying to two photons),15 as well as astrophysical bounds due to horizontal
branch stars and SN1987A [149]; however, ALPs could still contribute to stellar
cooling via plasmon decay γ → a+ χ, which is possible in a medium as the photon
dispersion relation allows for such a decay (just like as discussed for neutrinos in
Sec. 5.2). We will explore these bounds in Sec. 7.4. Notice that these bounds can
be avoided if a and χ are heavy and almost degenerate in mass. Finally, there is
another parameter which can be varied to fit CIBER data, the ALP number density
n(0)
a = RρDM/ma, where R is a numerical factor and ρDM is the total DM energy

density.

7.2.2 ALP warm dark matter
In the following we will also consider the scenario in which the ALP population
represents a small warm dark matter (WDM) contribution to the DM energy density.
This implies an additional fourth tunable parameter, namely the effective temperature.
WDM can be produced both thermally or non-thermally [389,390]. In the first case,
we suppose that the abundance is given by fa(pa) = 1/[exp(|pa|/Tth(z′))− 1].

15In principle there should also be the operator gaγγ
4 aFµν F̃µν , but it can be technically natural

to set gaγγ = 0 assuming a Z2 symmetry of which a and γ are different representations. This also
sets to zero the kinetic mixing gkinF

µνFχµν , which would also contribute to stellar cooling.
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The distribution could arise, for example, if the ALP and the hidden photon were
in thermal equilibrium with the primordial plasma; their population would be the
result of relativistic decoupling, similar to what happens to neutrinos. The processes
which contribute most to equilibrium are pair annihilationsin e+ + e− ↔ a+ χ and
to a lesser extent plasmon decay γ ↔ a+ χ, which is possible in the early universe
just as in stars. While plasmon decay is negligible in the early-universe production
of ALPs, it is very relevant for star cooling, as previously stressed and as I will show
in Sec. 7.4. Other processes like a+ e− ↔ χ+ e− could slightly affect the dark sector
effective temperature after decoupling, without changing the number density.

The cross section for pair annihilation is

σ(e+ + e− → a+ χ) =
αg2

aχγ

96
; (7.2.8)

the process drives a and χ out of equilibrium when the thermal width is roughly
comparable to the Hubble function, viz. 〈Γ

e
+
e
−〉 ' H. By noting that in a radiation

dominated universe H = 1.66
√
g∗T 2/mPl, where g∗ is the effective number of

relativistic degrees of freedom at the decoupling and mPl = 1.22× 1019 GeV is the
Planck scale [391], this happens when

3
ζ(3)

π2 T 3αg
2
aχγ

96
' 1.66

√
g∗
T 2

mPl

(7.2.9)

which is

Tdec ' 4.8× 103GeV

(
10−9 GeV−1

gaχγ

)2

. (7.2.10)

Suppose that there is no new physics between the electroweak phase transition and
the decoupling scale. If ALPs decouple at Tdec, their number density at late times is
governed by g∗s, the effective number of thermal degrees characterizing the entropy
at the decoupling epoch. The number density of ALPs at low redshift is therefore

n(0)
a =

g∗s(T
(0))

g∗s(Tdec)

n(0)
γ

2
(7.2.11)

where the sum is over all the particle content of the Standard Model plus a and
χ. Assuming gaχγ ' 6× 10−9 GeV−1 (i.e. τ ' 9× 1020 s), one approximately finds
n(0)
a ' 20 cm−3.
The most important consequence of a high decoupling temperature is that big

bang nucleosynthesis constraints are relaxed. The energy density of the ALPs (one
degree of freedom) and of the hidden photons (two or three degrees of freedom
depending on the mass) is suppressed compared to the energy density of additional
sterile neutrinos or axions which decouple later. To compare, suppose we had
introduced a sterile neutrino, which would have implied at least 2 new degrees of
freedom. If the decoupling is after the QCD phase transition its contribution to the
effective number of neutrinos ∆Neff ' 0.57 would have been at least three times
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larger than ∆Neff . 0.2 due to a and χ [15]. This conclusion remains approximately
valid as far as the decoupling takes place before the QCD phase transition.

To recap, there are cosmological constraints coming from measurements of the
temperature and polarization power spectra of the CMB anisotropies, the large-scale
matter power spectrum, and the Hubble expansion rate [392,393], which usually apply
to a lately decoupled axion. However, these bounds can be relaxed depending on the
decoupling temperature of the ALP. Interestingly, better cosmological measurements
could exclude also this class of ALP models.

Alternatively, a non-thermally produced DM can have a momentum distribution
with a strongly model dependent functional dependence, typical of freeze-in scenarios,
where the distribution is set by the thermal distribution of the parent particle, the
masses and the couplings [394–399]. An out-of-equilibrium decay of heavy particles
can also alter the clustering properties of dark matter [400]. In the case of very low
reheating scenarios, cosmological upper bounds on the mass of hot dark matter can
be relaxed [401]. One can assume a benchmark distribution

fa(pa) =
Rnth

e|pa|/Tnth(z
′
) − 1

, (7.2.12)

where Rnth is again a numerical factor and T (0)
nth can be in principle higher than the

CMB temperature. Eq. (7.2.4) can be expressed in terms of special functions with
these distribution. The Dirac delta function can be used to get rid of the angular
part of the pa, and this would introduce a minimum absolute value of the momentum
|p(0),min
a |:

W (z′, ω′) =
Rnth

(2 π)3

(1 + z)2

1 + z′
e−Γt(z

′
) Γ

H(z′)

ma

2ωmax

× 1

6

[
3|p(0),min

a |2−6T 2Li2
(
e|p

(0),min
a |/T

)
− 6iπ|p(0),min

a |T
−6|p(0),min

a |T log
(
e|p

(0),min
a |/T − 1

)
+ 2π2T 2

]
; (7.2.13)

where Li2 is the polylogarithm of order 2, T = T
(0)
th (or T = T

(0)
nth) and

|p(0),min
a |= ± (m2

a −m2
χ)2 − 4m2

aω
′2

4(1 + z′)ω′
2 (
m2
a −m2

χ

) (7.2.14)

depending on whether ω′ is smaller or bigger than ωmax.
The photon intensity spectrum due to astrophysical diffuse sources, assumed

to be the one reported in Ref. [382], plus the ALP decay contribution is shown in
Figs. 7.1 and 7.2 for different choices of the parameters. I plot two CDM scenarios
with small and large ωmax (model A and B) in Fig. 7.1. In Fig. 7.2 I show two WDM
scenario, assuming for one a thermally produced ALP (model Cth), and for the other
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Figure 7.3: Angular power spectrum due to the decay of an ALP. The data shown are the
anisotropies detected by CIBER at observational wavelength λobs = 1.6µm (dark blue), and by
HST at observational wavelength λobs = 1.6µm (dark red) and λobs = 0.85µm (dark green). Top
left : anisotropies in the 1.6µm band for models A (solid line) and Cth (dashed line); top right :
anisotropies in the 1.6µm band for model B; bottom: anisotropies in the 0.85µm band for model B.

an extremely large Tnth, to make more evident the ALP kinetic energy effect on the
photon spectrum (model Cnth). Considering a thermally produced ALP population
(in the following named model Cth), the intensity spectrum is indistinguishable from
the model A CDM spectrum. Model A and Cth however differ strongly for what
concerns the intensity anisotropies, as we will see below.

7.3 Anisotropy constraints
The gravitational clustering of dark matter makes the photon flux produced by
the decaying ALP anisotropic. In this Section we revisit the calculations as done
in [364,402]. We take into account the energy resolution of the detector, following [403].
To the best of our knowledge, this is the first time such a procedure is carried out in
the context of infrared photons produced by dark matter decay. Our main goal in
this Section is then to revisit the bounds on CDM scenarios from anisotropies, and
to extend the analysis to a WDM scenario.

The average intensity of the flux detected in an energy band centered in ω with
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width ∆ω is

I(ω,∆ω) =
1

∆ω

∫
∆ω

dω ω2

∫ ∞
z

dz′W (z′, ω′) (7.3.1)

assuming a ∆ω = ω flat passband filter for the detector [404]. Fluctuations toward a
direction of the sky n̂ can be expanded as spherical harmonics

δI(ω,∆ω, n̂) = I(ω,∆ω, n̂)− I(ω,∆ω) =
∑
l,m

al,m(ω,∆ω)Yl,m(n̂) . (7.3.2)

Anisotropies are often conveniently described in terms of the angular power
spectrum (suppressing the ω dependence from the notation)

Cl(∆ω) = 〈|al,m(∆ω)|2〉 =
1

2l + 1

∑
m=−l,+l

|al,m(∆ω)|2 (7.3.3)

which written in terms of the window function is

Cl(∆ω) =
1

∆ω

∫
∆ω

dω1 ω
2
1

∫ ∞
z

dz′1W (z′1, ω
′)

× 1

∆ω

∫
∆ω

dω2 ω
2
2

∫ ∞
z

dz′2W (z′2, ω
′
2)

× 2

π

∫
dkk2Pδ

[
k, r(z′1), r(z′2)

]
jl
(
kr(z′1)

)
jl
(
kr(z′2)

)
(7.3.4)

where r(z) =
∫ z

0
dz/H(z) is the comoving distance, jl(kr(z)) is the spherical

Bessel function and the power spectrum (i.e., the density contrast) is defined as
〈δk1

(r(z1))δk2
(r(z2))〉 = (2π)3δ(3)(k1 − k2)Pδ(k1, r(z1), r(z2)). If the power spectrum

varies slowly as a function of k we can use the Limber approximation [405], which is
correct up to O(l−2) [406]
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)
. (7.3.5)

Notice that we do not have to worry about the sharpness of the differential flux caused
by the delta function in the window function for CDM, because this is cured by
averaging over the energy bandwidth of the detector. This procedure has been used
for similar analyses with gamma rays [407,408]. Defining zM = ωmax/(ω−∆ω/2)− 1
and zm = ωmax/(ω + ∆ω/2)− 1 as the maximum and minimum redshift observed in
the anisotropy measurement, we have

Cl(∆ω) =

∫ zM

zm

dz

[
1

4π

e−Γt(z)

H(z)(1 + z)3ω
2
maxΓn(0)

a

1
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× 1

r(z)2Pδ

(
k =

l

r(z)
, r(z)

)
H(z) . (7.3.6)
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Our redshift dependence agrees with the one of Eq. (A10) of [403], because we are
considering the angular power spectrum of the energy flux (units are energy squared
per time, per surface, per steradians and per energy); to compare the results of [403]
and ours, Eq. (A1) of the same reference shall be multiplied times ν, which gives an
additional (1 + z)−2 in the final expression.

The anisotropy power spectra for lighter (ωmax = 1 eV) and heavier (ωmax = 8 eV)
dark matter are shown in Fig. 7.3, where they are compared with data of CIBER [409]
and of the Hubble Space Telescope (HST) [410]. The matter power spectrum was
calculated with the CLASS code [411], publicly available at [412]. In the first case,
we explored both the CDM and the WDM cases (assuming ma = 2 eV for the latter).
The WDM power spectrum has been computed in the adiabatic approximation [413],
Pδ,WDM = (TWDM/TCDM)2Pδ,CDM, where T is the transfer function.16 The latter
relates the primordial and the present-day power spectra [414], and is another
CLASS output [415]. In all cases, given that we needed to integrate over the redshift,
we assumed conservatively a linear evolution for the matter power spectrum, using
the non-linear matter power spectrum Pδ obtained with CLASS, calculated at redshift
z = 0 and evolved backwards

Pδ

(
k =

l

r(z)
, r(z)

)
= Pδ

(
k =

l

r(z)
, r = 0

)
D(z)2 . (7.3.7)

Here, D(z) ∝ H(z)
∫∞
z
dz′(1+z′)H(z′)−3 is the linear growth factor, to be normalized

with D(0) = 1 [407].
As heuristically expected, WDM evades quite easily the constraints due to

anisotropy measurements, as understood by showing the model Cth anisotropy
spectrum (dashed line in top-left panel of Fig. 7.3). These become unrestrictive
when considering a non-thermally produced hot dark matter with high effective
temperature, like in model Cnth, as their free-streaming length is even larger. Light
CDM (model A) can be considered excluded by our analysis.

For what concerns heavier dark matter (model B), our results are shown in
the central and right panels of Fig. 7.3, where the anisotropy power spectrum is
computed both for the 1.6µm wavelength band (light red) and for the 0.85µm
band. The 0.85µm band slightly overshoots the observed data in the relevant
wavelength; however, the exclusion is much weaker than what has been found in
previous analysis [364], due to averaging over the detector bandwidth.

A final comment is required about the anisotropy measurements. While our goal
in this Section has been to revisit previous analyses accounting for the detector
bandwidth, a cold dark matter origin for the CIBER excess is still excluded, even if
less strongly than previously thought. On the other hand, a thermal ALP population
origin is not falsified by anisotropy measurements. Nevertheless, anisotropies hint
either to the possible presence of an additional astrophysical class of sources to the
EBL, which would possibly explain the angular power spectra of difference wave-

16The transfer function TWDM must be evaluated including the dominant dark matter component,
which is assumed here cold and different from the decaying ALP.
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lenghts complementing the dominant contributions of shot power at low multipoles
and galaxies at high multipoles [402], or to a different modelling of the latter.

7.4 Star cooling constraints
The processes by which the populations of ALPs a and hidden photons χ are mostly
produced in a plasma depend on the temperature and density conditions of the stars
considered. Let us consider plasmon decay γ → a+ χ, analogous to the plasmon
decay to neutrinos discussed in Sec. 5.2. Other processes like photo-production, pair
annihilation of photons or bremsstrahlung are suppressed by a higher order in the
coupling gaχγ or e =

√
4πα. While these processes can be relevant for other kind of

particles and interactions, we anticipate that the strongest constraints come from
stars which would mostly emit a and χ through plasmon decay.

Given that we are interested in an order of magnitude estimate, we will not take
into account the L-plasmon decay, as it would be a negligible correction, keeping
only the T-plasmon decay into account [149]. The longitudinal plasmon decay in fact
contributes negligibly to the cooling, because there is no resonant conversion from
L-plasmon to pseudoscalars [281]. The decay of a strongly non-relativistic plasmon
is due to the coupling of Eq. (7.2.1). The usual Feynman diagram rules then gives

Γγ =
1

3

g2
aχγ

128π
ω3

pl

ωpl

ω
(7.4.1)

in the non-relativistic, non-degenerate limit of the plasma. This is the formula to be
used in most of stellar plasma cases, where

ω2
pl =

4παne
me

, (7.4.2)

with ne electron number density and me electron mass [149].
The production of ALPs and hidden photons in horizontal branch stars through

plasmon decay (when their mass is smaller than the plasma frequency) puts bounds
on the coupling gaχγ. The energy loss per unit mass due to plasmon decay is given
by

ε =
1

ρsπ
2

∫
dkk2 ω

eω/T − 1
Γγ (7.4.3)

where ρs is the mass density of the star. So one obtains

ε =
ζ(3)

192π3

ω4
plT

3g2
aχγ

ρs

' 0.6 erg/g/s×
( ωpl

1 keV

)4
(

T

10 keV

)3(
104 g/cm3

ρs

)(
gaχγ

10−8 GeV−1

)2

(7.4.4)

with canonical parameters of horizontal branch star cores; the star cooling bound
implies that ε . 10 erg/g/s. A more stringent bound is given by the required



118 7. Axionlike particle detection with multi-messenger astronomy

●
●

● ●
●

●
● ●

●
●

●
●

●

●

●

●

●
●

●

●

●

●

●

●

●

��� ���� ���� ���� ����
���

�

��

���

����

������ � [��]

�
�
ϕ
[�
�
�
�

-
�
�
-
�
�
�-
�
]

������� ����

������� ����

����� ����

γ� �� ���
γ

ν

Figure 7.4: The gamma-ray and neutrino fluxes expected in a minimal pγ production scenario of
Ref. [216] (see details in text). Also shown is the per-flavor IceCube neutrino flux according to [245]
(blue data points) and a more recent estimate [246] (green band). The gamma-ray flux in the
absence of ALP decays (dotted line) is decreased in the presence of an additional EBL component
(solid line), which alleviates the tension with Fermi LAT IGRB measurements [420].

agreement between the predicted and observationally inferred core mass at the helium
flash of red giants. This is to be expected, because the bounds on the coupling gaχγ
can be directly read from the existing constraints on a putative neutrino magnetic
dipole moment µν . The plasmon decay rate is the same for both channels [149], after
substituting

gaχγ → 4µν ; (7.4.5)

non-standard neutrino losses would delay the ignition of helium in low-mass red
giants [416]. With a 95% confidence level µν . 1.4 × 10−9GeV−1 [417], which
translates to the bound gaχγ . 6× 10−9 GeV−1. Interestingly, a cooling excess has
been claimed for this class of stars [418], and the plasmon decay to an ALP and a
hidden photon with a coupling of this size would contribute as an additional cooling
channel. It shall be noted however that plasmon decay cannot account for some of
the cooling hints [418,419].

7.5 Gamma-ray attenuation
The increased EBL flux has observable impact on the propagation of very high-
energy E > 0.1 TeV photons due to enhanced rate of e+e− pair production. This
effect may relax the tension between the predicted gamma-ray flux and the Fermi
LAT measurement of isotropic gamma-ray background (IGRB) [420] in traditional
multi-messenger scenarios of high-energy neutrino origin [243, 244, 247, 421–423] and
eliminates the need of hidden cosmic-ray accelerators [216]. In Fig. 7.4 I illustrate
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Figure 7.5: Observed spectral energy distribution of PG 1553+113 measured during the flare
observed by Fermi LAT (power law approximation) and H.E.S.S. (as shown in Fig.3 of Ref. [426])
together with the deabsorbed spectra calculated using EBL model of Ref. [369] with or without
extra contribution from ALP.

the effect. We calculate the neutrino and the accompanying gamma-ray flux in the
minimal pγ production scenario of Ref. [216] with εbν = 25 TeV, assuming the low
X-ray luminosity AGN evolution of Ref. [424] for the sources and the minimal EBL
model [382] with or without the contribution from ALPs, for which we use model
A.17 The spectra shown were obtained by solving transport equations for neutrinos
and electron-photon cascades with a public numerical code [425]. The effect of the
increased EBL is clearly seen on the gamma-ray flux above 100 TeV. In principle,
the enhanced Universe opaqueness for gamma rays predicted in the above scenario
will only sharpen the well known problem of unexpectedly hard gamma-ray spectra
detected from remote blazars. In Appendix 7.6 a consistency check is carried out
to verify the compatibility of our scenario with blazar observations. We found that
the only parameter range excluded by analysis of the deabsorbed spectra is the one
of model B, which is already excluded by the observed angular power spectrum,
whereas models A and Cth(nth) are viable.

7.6 A check: consistency with blazar observations
The enhanced Universe opaqueness for gamma rays predicted in the ALP decay
scenario sharpens the well-known problem of unexpectedly hard gamma-ray spectra
detected from remote blazars. A possible solution proposed in Refs. [375–379,427–431]
is based on the natural assumption that the blazars also emit ultrahigh energy
cosmic rays which contribute to the observed gamma-ray flux through secondary

17I remark again that model A and Cth are indistinguishable at the level of the intensity spectrum.
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electromagnetic cascades produced in line-of-sight cosmic-ray interactions. The above
scenario allows us to avoid exponential gamma-ray flux suppression with distance
from the source.

A straightforward way to find if an extra component is needed to fit the observa-
tions is to construct the so called deabsorbed spectrum, i.e. the primary spectrum
recovered from the observations assuming no extra components. The negative break
in the deabsorbed spectrum can be considered as a good indication of the presence
of an extra component. By definition the deabsorbed spectrum

Fdeabsorbed = eτ(z,E)Fobserved (7.6.1)

depends not only on source redshift but also on the EBL model assumed through
optical depth τ . We will illustrate this point on the high-frequency peaked BL Lac
object PG 1553+113, one of the most variable remote sub-TeV gamma-ray sources
known today. Its gamma-ray flaring activity has been detected by H.E.S.S. telescopes
during the nights of 26th and 27th of April 2012, when the source flux above 0.3 TeV
increased by a factor of 3 with evident signs of variability on the scale of hours [426].
In Fig. 7.5 (left) I show the average spectrum of the object measured during the
flare by Fermi LAT and H.E.S.S. (as shown in Fig. 3 of Ref. [426]) together with the
deabsorbed spectra calculated using the EBL model of Ref. [369] with or without
extra contribution from the ALP decay models A, B and Cth(nth). We use the lower
limit z > 0.43 [432] as a conservative source redshift estimate. It is now clear from the
figure that increased EBL may lead to a negative break in the deabsorbed spectrum,
which indicates the presence of an extra component.

Let us assume now that the extra component is not as highly variable as we
would expect in the case of secondary γ from cosmic rays. Would it contradict
observations? To answer this question in a conservative manner, we calculate the
maximally expected integral flux of primary γ above 0.3 TeV during the flare phase
F var

max and the minimal required integral flux of the constant extra component F ext
min.

We calculate F var
max assuming power law injection and maximal initial γ flux consistent

with Fermi LAT observations below 30 GeV. F ext
min is then calculated simply by

subtracting of the primary component from the average observed flux at flare phase.
For ALP models A, B and C we get F var

max/F
ext
min integral flux ratios equal to 2.3, 0.36

and 7.6 respectively. From the observation that the average integral flare flux above
0.3 TeV is 3 times higher than pre–flare flux we infer

3 =
F var + F ext

F const + F ext <
F var + F ext

F ext =
F var

F ext + 1, (7.6.2)

where F const is the possible contribution of primary photons in pre–flare flux. Now
it is obvious that the condition F var/F ext < 0.36 which we have in case of model B
contradicts Eq. (7.6.2), while other models are still in line with this inequality.



Chapter 8
Conclusions

Before the advent of accelerators, the study of messengers from the sky (back then,
cosmic rays) was the main source of information for fundamental particle physics;
nowadays, the rapid development of neutrino and multi-messenger astronomy has
established once more astrophysical observations as a major tool to search for physics
beyond the Standard Model.

The main theme of this thesis was to search for signals of new physics by using
astrophysical neutrinos. Such a task is possible only if we know what is the flux
we expect from different sources at all the possible energy ranges. This is why the
thesis included both a first part summarizing the contributions to the grand unified
neutrino spectrum (GUNS), and a second part providing possible applications of
neutrino astronomy to explore beyond the Standard Model physics.

After presenting the main idea of the GUNS in the Introduction, we have analyzed
the neutrino spectrum collecting the contributions to the flux according to the
neutrino production mechanisms. In Chapter 2, we collect the results regarding the
neutrinos produced in the early universe. These neutrinos would be the product of
decoupling (cosmic neutrino background) and of the decay of light elements during
the Big Bang nucleosynthesis. Chapter 3 is devoted to the study of neutrinos from
nuclear reactions (fission, fusion, and decay). These neutrinos have typical energies
in the MeV range and are produced in the Sun, in reactors, in the Earth, and in
stellar explosions. The latter produce transient signals (from supernovae) and a
background given by the sum of all supernovae, the so-called diffuse supernova
neutrino background. In Chapter 4, neutrinos produced by interaction of the cosmic
rays with hadrons and photons are analyzed. These include neutrinos with energies
ranging from around 20 MeV to 1020 eV, which are produced in the Earth and Sun
atmospheres, by interactions of the cosmic rays in the environment surrounding
cosmic accelerators (e.g. pp sources such as star-forming galaxies and pγ sources like
active galactic nuclei and blazars), and by interactions of the cosmic rays during
propagation (cosmogenic neutrinos).

In Chapter 5 we have calculated the previously overlooked solar neutrino flux
produced by various thermal processes that produce pairs with keV-range energies.
There are several reasons to analyze this flux. A proposed dark matter detector
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for keV-mass sterile neutrinos might find this flux to be a limiting background and
conversely, conceivably it could measure this solar flux, thus providing nontrivial
information on the solar metal content. Even though these are somewhat futuristic
ideas, it is well motivated to provide a benchmark calculation of the thermal solar
neutrino flux. One complication is that there is not a single dominant production
channel, but all the ABCD processes (atomic, bremsstrahlung, Compton, plasmon
decay) are relevant in different ranges of energy. Each of them has its own idiosyncratic
issues concerning in-medium many-body effects, yet the flux calculations should be
correct on the general 10% level of precision.

The second part of the thesis is devoted to probing fundamental particle physics
with neutrinos, exploiting both MeV neutrinos from the Sun and high-energy neutrinos
produced in cosmic accelerators.

In Chapter 6, we have explored the possibility of distinguishing Majorana from
Dirac neutrinos by their gravi-majoron decays, assuming a gravitational origin of
neutrino masses. Interactions between neutrinos and conventional Nambu-Goldstone
bosons are strongly constrained by cosmology, astrophysics, and laboratory experi-
ments. In contrast, the gravi-majorons considered here are not ruled out because
they only arise in the very late Universe and effectively decouple from high-energy
processes. The detection of an unexpectedly large absolute neutrino mass scale
in beta-decay experiments could provide a hint towards the gravitational mass
mechanism, because it evades all cosmological mass bounds. Such large absolute
neutrino mass scale implies a degenerate mass hierarchy, allowing us to distinguish
Majorana from Dirac neutrinos through their decay. In the Majorana case, we have
put strong bounds on the decay of the heaviest neutrino at 90% CL, using data from
experiments searching for antineutrino appearance from the Sun. Such bounds are
interesting per se, because they generally apply to any model in which neutrinos
decay to light pseudoscalars. We also explored the possibility of distinguishing Dirac
from Majorana neutrinos with future IceCube data; however, this possibility requires
a better understanding of neutrino production in astrophysical sources.

Finally, Chapter 7 is devoted to the tension between the gamma-ray flux measured
by Fermi and the larger than expected neutrino flux detected by IceCube. One
assumes the existence of axionlike particles with mass around an electronvolt which
produce photons through decay. If one assumes a pγ scenario, the tension between
Fermi and IceCube is alleviated, because gamma rays would produce electron-positron
pairs by scattering on the enhanced extragalactic background light (EBL). This is also
consistent with the excess in the EBL spectrum detected by the CIBER collaboration.
This is an example of how multi-messenger, multi-wavelength observations can be
used for dark matter indirect detection.

There are different possible future directions for the research tackled in this thesis.
Astrophysical observations are increasingly used to search for new physics. The
production of neutrinos in stars via the ABCD processes analyzed in Chapter 5 is
the dominant cooling channel for many classes of stars. When introducing weakly
interactive slim particles like axions or minicharged particles, one modifies stellar
evolution. As mentioned in Chapter 7, there are several astrophysical observations
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that point to an additional cooling channel in white dwarfs, horizontal branch stars
and red giants, for example through axion production. It would be interesting
to revisit the neutrino production in these stars and check whether there is some
ingredients missing in our understanding of star cooling through Standard Model
particles.

On the other hand, the observed hints for excessive cooling may be true, proving
the existence of beyond the Standard Model particles, e.g. the axion. Generally,
there is an interaction between the axion, the magnetic field, and the electric field.
Interestingly, this interaction is at the core of axion direct detection experiments. I
have recently contributed to this research topic by coauthoring a paper in which we
proposed the “tunable plasma haloscope” experiment [433]. The latter consists of a
wire metamatarial in which dark matter axions are converted to plasmons through
their interactions with an external magnetic field. This line of research can be
further expanded to find new experimental concepts or possible indirect signals in
astrophysical systems.

The bounds on neutrino decays to light pseudoscalars of Chapter 6 were obtained
using the data from SNO and KamLAND, but a similar analysis can be carried out
with Borexino data. These will be the strongest bounds of this kind on the decay of
the heaviest neutrino mass eigenstates. This analysis is currently ongoing [353].

Finally, high-energy multi-messenger astronomy will be crucial to further deepen
our understanding of astrophysical processes and fundamental particle physics. The
future will bring more data in neutrino astronomy, and perhaps even a galactic
supernova. Perhaps, long-standing mysteries such as the production location of most
energetic particles in the universe, the properties of neutrinos, and the nature of
dark matter, will be solved soon thanks to astrophysical neutrinos.





Appendix A
Neutrino Mass Matrix

Neutrino fluxes from practically any source depend on flavor so that what arrives at
a detector depends on flavor oscillations driven by neutrino masses and mixing. We
restrict ourselves to a minimal scenario that includes only the three known species.

The weak-interaction neutrino fields να with α = e, µ or τ are given in terms of
fields with definite masses νi by a unitary transformation να =

∑3
i=1 Uαiνi, implying

|να〉 =
3∑
i=1

U∗αi|νi〉 and |ν̄α〉 =
3∑
i=1

Uαi|ν̄i〉 (A.1)

for neutrino and antineutrino single-particle states [129]. The mixing matrix is
conventionally expressed in terms of three two-flavor mixing angles 0 ≤ θij < π/2
and a CP-violating phase 0 ≤ δ < 2π in the form

U =

1 0 0
0 c23 s23

0 −s23 c23

 c13 0 s13e
−iδ

0 1 0

−s13e
iδ 0 c12

 c12 s12 0
−s12 c12 0

0 0 1



=

 c12c13 s12c13 s13e
−iδ

−s12c23 − c12s23s13e
iδ c12c23 − s12s23s13e

iδ s23c13

s12s23 − c12c23s13e
iδ −c12s23 − s12c23s13e

iδ c23c13

,
(A.2)

where cij = cos θij and sij = sin θij. We have left out a factor diag(1, eiα21/2, eiα31/2)
of Majorana phases that are important, for example, in neutrinoless double-beta
decay, but not for flavor oscillations.

The best-fit mixing angles determined from global fits of all flavor oscillation data
are given in Table A.1. Within uncertainties, the octant of θ23 remains unknown,
i.e., if sin2 θ23 is larger or smaller than 1/2. CP violation is favored, but the range of
allowed δ remains large.

With the results of Table A.1 for normal mass ordering one finds the matrix of

125



126 A. Neutrino Mass Matrix

Table A.1: Neutrino mixing angles according to Cappozzi et al. [352], very similar to those of
Refs. [434,435].

Normal Ordering Inverted Ordering
Best fit 1σ range Best fit 1σ range

sin2 θ12 0.304 0.291–0.318 0.303 0.290–0.317
sin2 θ13 0.0214 0.0207–0.0223 0.0218 0.0211–0.0226
sin2 θ23 0.551 0.481–0.570 0.557 0.533–0.574
δ/π 1.32 1.14–1.55 1.52 1.37–1.66

mixing probabilities, which is the same for ν and ν̄,

(|Uαi|2) =


0.681+0.013

−0.014 0.297+0.014
−0.013 0.0214+0.0009

−0.0007

0.109+0.074
−0.035 0.352+0.080

−0.065 0.539+0.019
−0.069

0.210+0.040
−0.073 0.351+0.067

−0.082 0.439+0.069
−0.019

 . (A.3)

The uncertainties correspond to the maximal and minimal values within the 1σ
ranges shown in Table A.1. Of course, the rows and columns of this matrix of
probabilities always have to add up to 1. The first row, for example, means that a
produced νe has a 68% chance to be a ν1, 30% to be ν2, and 2% to be ν3. The mass
eigenstates are conventionally numbered such that the probabilities in the first row
appear in declining order, i.e., according to the νi admixtures to νe.

The matrix U being unitary, its inverse U−1, which allows us to express mass
states in terms of flavor states, is identical with its conjugate transpose U†. Therefore,
the probabilities for finding a given mass eigenstates in any of the flavors correspond
to the columns of Eq. (A.3). For example, the last column tells us that a ν3, for
example in the cosmic neutrino background, has a 2% chance of being νe, a 54%
chance of being νµ, and 44% of being ντ , and analogous for the other columns.

The numbering convention of mass states leaves open the ordering of the mass
values. The matter effect on flavor conversion in the Sun implies m1 < m2. The
atmospheric ordering may be normal with m1 < m2 < m3 or inverted with m3 <
m1 < m2. Global fits somewhat prefer normal ordering. The probability matrix for
inverted ordering is similar to Eq. (A.3) within the shown uncertainties.

Flavor oscillations of relativistic neutrinos are driven by the squared-mass differ-
ences. We express the mass spectrum in terms of the parameters [352]

δm2 = m2
2 −m2

1 = 73.4 meV2 , (A.4a)

∆m2 = m2
3 −

m2
1 +m2

2

2
= ±2.45× 103 meV2 , (A.4b)

where normal ordering corresponds to ∆m2 > 0, inverted ordering to ∆m2 < 0. The
nominal 1σ range of the measured values is 1.4 and 2.2%, respectively. The small
mass splitting δm2 is also called the solar mass difference because it drives solar
neutrino conversion, whereas ∆m2 is the atmospheric one. Often the atmospheric
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splitting is instead identified with either m2
3 −m2

2 or m2
1 −m2

3, depending on the
mass ordering, which however is a less practical convention.

Direct laboratory limits on the unknown overall mass scale of approximately 2 eV
derive from the electron endpoint spectrum in tritium β decay [47]. The KATRIN
experiment is expected to improve the sensitivity to approximately 0.2 eV in the
near future [20].

Cosmological data constrain the fraction of hot dark matter, implying 95%
C.L. limits

∑
mν < 0.11–0.68 eV, depending on the used data and cosmological

model [6,14,15]. Near-future surveys should be able to set a lower limit, i.e., provide
a neutrino-mass detection [6]. Of course, these results have to be interpreted with
the usual caveats concerning cosmological assumptions and possible unrecognized
systematics.

The neutrino signal from the next nearby supernova can provide a 95% C.L.
time-of-flight limit of 0.14 eV if the emission shows few-millisecond time variations
caused by hydrodynamic instabilities as suggested by 2D and 3D simulations [436].

Searches for neutrinoless double beta decay are only sensitive to Majorana masses,
and specifically to the combination 〈mν〉 = |∑3

i=1 U
2
eimi|. Current limits are on the

level of 0.11–0.52 eV, depending on isotope and on uncertainties of the nuclear matrix
elements [47].





Appendix B
Neutrino Mixing in Matter

When they propagate in matter, neutrinos experience a flavor-dependent potential
caused by the electroweak interaction. In a normal medium, consisting of nuclei and
electrons, it is

Vweak = ±
√

2GFnB ×
{
Ye − Yn/2, for νe,
−Yn/2, for νµ,τ ,

(B.1)

where nB is the baryon density, Ye = ne/nB the net electron fraction per baryon
(electrons minus positrons), and Yn = nn/nB the neutron fraction. The upper sign is
for ν, the lower sign for ν̄. Equivalently, we can use a nominally negative baryon
density to denote the ν̄ potential. Radiative corrections actually provide a small
difference between the νµ and ντ potentials [437,438], as does the possible presence
of muons in a supernova core [439]. We also ignore background neutrinos which
complicate neutrino propagation in the form of collective flavor evolution [440].

The flavor of a neutrino of fixed energy E evolves as a function of distance
z as i∂zΨ = (H0 + V)Ψ, where Ψ is a three-vector of flavor amplitudes, whereas
antineutrinos evolve as i∂zΨ = (H∗0 − V)Ψ. In the ultrarelativistic limit, the mass
contribution in the flavor basis is

H0 =
1

2E
U

m2
1 0 0

0 m2
2 0

0 0 m2
3

U† (B.2)

and the matrix of potential energies is

V =
√

2GF

ne − nn/2 0 0
0 −nn/2 0
0 0 −nn/2

 . (B.3)

Without flavor mixing, the in-medium dispersion relation in the relativistic limit
is given by the effective masses m2

eff = m2 + Vweak2E, shown as thin grey lines in
Fig. B.1 for a schematic choice of mass and mixing parameters. A nominally negative
density is used to show the energy levels for antineutrinos. The background medium
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is taken to have equal densities of electrons and neutrons as would be the case for
4He or 12C. For a different composition, the lines acquire a different slope caused by
the common neutral-current potential for all flavors.

For nonvanishing mixing angles, the effective masses are obtained by diagonalizing
H0 + V, which is achieved by a unitary matrix UM such that

M2
eff =

m2
1,eff 0 0

0 m2
2,eff 0

0 0 m2
3,eff


= U†M(UM2U† + 2E V)UM. (B.4)

For antineutrinos, one substitutes V → −V and δ → −δ, the latter equivalent to
U→ U∗. Notice that m2

i,eff can be negative because it is just a formal way for writing
the in-medium energy levels. In Fig. B.1, the m2

i,eff are shown as thick colored lines.
Notice that θ23 and δ do not enter if the νµ and ντ potentials are equal — otherwise
there will be a third level crossing. Notice also that asymptotically the colored lines
have a nonvanishing offset relative to the grey lines.18

Of particular interest is the case of neutrinos produced at high density in the
interior of a star which then propagate all the way to the surface. If the propagation
is adiabatic (and this is the case for solar and supernova neutrinos), a state originally
in a propagation eigenstate emerges as such. So we should decompose the flavor
states at the point of production into local propagation states which then connect
to vacuum mass states at the stellar surface (MSW effect). In sufficiently dense
matter, the propagation eigenstates coincide with interaction eigenstates. In Fig. B.1
(normal ordering), a νe produced at very high density corresponds to the largest m2

eff ,
i.e., the thick green line. Following this line to zero density (vacuum), we see that a
produced νe will emerge as the mass eigenstate ν3. Conversely, a ν̄e (large negative
density) is on the blue line and thus emerges as ν1. A detailed discussion of all such
cases, relevant in the supernova context, was provided by Dighe and Smirnov [170].

Often the flavor-diagonal contribution to V provided by neutrons is not included
because it drops out of the oscillation equation. In this case, and using the best-
fit mixing parameters in normal ordering from Table A.1, the same plot of m2

i,eff

is shown in Fig. B.2 (top). In the Sun, the central density is 150 g cm−3 with
Ye = 0.681, corresponding to ne = 6.14× 1025 cm−3 = 4.72× 1011 eV3 and thus to
Ve = 7.8× 10−12 eV, where

Ve =
√

2GFne. (B.5)

With E = 18.8 MeV, near the highest solar νe energy, one finds Ve2E < 233 meV2 =
4.0 δm2, indicated by a vertical dashed line in Fig. B.2.

The probability for a νe that was produced in the medium to be found in any
of the propagation eigenstates i is PM

ei = |UM
ei |2, shown in Fig. B.2 (middle) from a

18Similar plots in the context of supernova neutrinos [170] show in-medium curves asymptotically
approaching the zero-mixing lines. This behavior is caused by the transition from their Eq. (43) to
(44) where one should expand consistently to lowest order in all m2.
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numerical solution for UM using the best-fit mixing parameters. At zero density, the
Pei correspond to the top row in the matrix of Eq. (A.3). At very high density, νe
essentially coincides with ν3, so after adiabatic propagation it would emerge in the
third mass eigenstate as mentioned earlier.

Neutrinos propagating from a distant source decohere into mass eigenstates, so
for example the νe produced in the Sun arrive with probabilities Pei in the different
mass eigenstates, depending on the exact point of production and depending on
their energy. A detector which is only sensitive to νe projects from each of the νi
fluxes the νe component, corresponding to the probability |Uei|2, so the νe survival
probability is

Pee =
3∑
i=1

|UM
ei |2 |Uei|2, (B.6)

shown as a red line in Fig. B.2 (bottom). For neutrinos produced at very low density
and/or with very low energies, this is, using Eq. (A.2)

P vac
ee = (c4

12 + s4
12)c4

13 + s4
13 = 0.553, (B.7)

where the numerical value is for the best-fit mixing angles in normal mass ordering.
The mass differences are hierarchical, δm2 � ∆m2, allowing for an approximate

determination of UM [441]. Writing it in the form of Eq. (A.2), one finds for the
in-medium mixing angles θM

23 = θ23, δ
M = δ, and

2θM
12 = ArcTan

(
cos 2θ12−ε�, cos θ′13 sin 2θ12

)
, (B.8a)

2θM
13 = ArcTan (cos 2θ13−εa, sin 2θ13) , (B.8b)
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Figure B.1: Effective neutrino masses in a medium in units of the solar mass difference δm. For
this schematic plot, m1 = 0, the atmospheric mass difference was chosen as ∆m2 = 5 δm2, and
the mixing angles as sin2 θ12 = 0.30 and sin2 θ13 = 0.01. The electron and neutron densities were
taken to be equal (ne = nn = nB/2) appropriate for a medium consisting of 4He or 12C. A negative
density is to be interpreted as a positive density for the energy levels of antineutrinos. At zero
density the levels are the squared vacuum masses. The thin grey lines are the energy levels for
vanishing mixing angles.
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Figure B.2: Top: Effective in-medium neutrino masses-squared, m2
i,eff with i = 1, 2 or 3, in units of

the solar value δm2. The neutron contribution, which is flavor diagonal, has been ignored. The
mixing parameters are the best-fit values in normal ordering from Table A.1. In the Sun, the
maximum on the horizontal axis is 4.0 (vertical dashed line), corresponding to ne = 6.14×1025 cm−3

at the solar center and the largest νe energy of E = 18.8 MeV. Middle: Probability of a produced
νe to be in the propagation eigenstates 1, 2 or 3, corresponding to |UM

ei |2. Bottom: Probability of
a produced νe, after adiabatic propagation, to be measured as a νe according to Eq. (B.6). For
solar conditions (left of the dashed line), ignoring the matter effect on 13–mixing yields an excellent
approximation.
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where θ′13 = θM
13 − θ13. Here, α = ArcTan(x, y) is an angle such that sinα =

y/
√
x2 + y2 and cosα = x/

√
x2 + y2. Further,

ε� =
2EVe

δm2

(
cos2 θM

13 +
sin2 θ′13

εa

)
, (B.9a)

εa =
2EVe

m2
3 −m2

1 − δm2 sin2 θ12

, (B.9b)

where εa < 0 for inverted mass ordering (m2
3 < m2

1). The approximate analytic
probabilities |UM

ei |2 agree very well with the numerical values shown in the middle
panel of Fig. B.2. The agreement is better than 10−3 except for |UM

e1 |2 where above 10
on the horizontal axis the analytic probability falls off faster than the numerical one.
The differences between analytic and numerical solutions are essentially irrelevant on
a level of precision where we have ignored radiative corrections to the weak potential.

The maximum value of 2EVe in the Sun is small compared with m2
3 −m2

1, so for
solar conditions we may neglect the matter effect on θ13. In this case UM is given in
terms of the vacuum mixing angles except for

2θM
12 = ArcTan (cos 2θ12−ε�, sin 2θ12) (B.10)

with
ε� =

2EVe

δm2 cos2 θ13 . (B.11)

In this case, the probability for a produced νe to be found in any of the three
propagation eigenstates is

Pe1 = cos2 θ13 cos2 θM
12, (B.12a)

Pe2 = cos2 θ13 sin2 θM
12, (B.12b)

Pe3 = sin2 θ13 . (B.12c)

The νe survival probability is

Pee =
1 + cos 2θ12 cos 2θM

12

2
cos4 θ13 + sin4 θ13 (B.13)

marked as “vacuum 13–mixing” in Fig. B.2 (bottom). The best-fit value sin2 θ13 =
0.0214 implies that we can safely neglect sin4 θ13, whereas cos4 θ13 = 0.958 deviates
significantly from 1.





Appendix C
Standard solar model

In Chapter 5 the neutrino fluxes produced from integration over the solar volume are
shown. The neutrino production rates are nontrivial functions of several parameters
(temperature, density, mass-fraction of each species) which depend on the radial
position in the Sun and determine the local plasma properties. These radial profiles
of temperature, density, etc. are not directly measured; rather, they are obtained
from a solar model. The latter is a theoretical description of the Sun, obtained by
evolving certain initial conditions (mass, helium and metal abundances) through a
stellar evolution code, which in turn depends on radiative opacities, the treatment of
convection, and so forth, to fit the present-day radius, luminosity, and photospheric
composition. The latter is the one present-day boundary condition about which
estimations vary the most.

In principle, consistency would require us to use a specific solar model for all
processes; this should be a solar model obtained using the opacity code and the
abundances exploited for the neutrino bremsstrahlung emission calculation. However,
the differences between different solar models for thermally emitted neutrinos are
small, introducing uncertainties in the neutrino emissivity on the order of 10%
perhaps, so we can use more practical criteria for our calculations. First, we want to
use a solar model that not only covers in detail the central core but also the external
layers because they rule the low energy flux from T-plasmon decay.19 The Saclay solar
model [442,443] is, in this regard, the most complete one known to us. This model
has the additional interest that it was built to reproduce the sound-speed profile (to a
large extent due to the temperature profile) measured by helioseismology by adjusting
some parameters (like initial metalicity, opacities) which are not directly measurable.
The model used was built when the surface chemical composition GS98 [67] was
suitable to reproduce the helioseismology data with very minor adjustments.

The recent revision of the surface chemical composition AGSS09 [68] led to a
downward adjustment of abundances, mostly CNO, Ne and refractaries, providing a
lower opacity and thus some tension between solar models and helioseismology. This

19Note however that the latter is subdominant to the bremsstrahlung neutrinos, which are mostly
produced in the core.
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tension has led to a large number of publications but is largely irrelevant for the level
of precision that we must assume in our calculations. The difference between GS98
and AGSS09 abundances is 20–40% in CNO and ∼ 12% in refractaries; both are
obtained from spectroscopic observations together with hydrodynamical simulations.
One should emphasize that the first one agrees with the helioseismic measurements,
whereas the second one (which is a more accurate 3D simulation) does not, see
reference [62] for a recent discussion. This situation constitutes the so-called solar
abundance problem. Differences in sound speed profiles (temperatures) are however
only around 1%.

The GS98 surface composition was preferred as it fits better the solar internal
structure. The radial profile of the abundance of several chemical elements is not
specified in the Saclay model, so the abundance profiles of the GS98 model of
reference [444] was used. The profiles of temperature, electron density, plasma
frequency, degeneracy parameter η, Pauli blocking factor, and screening scales for
our solar model choice are displayed in the following figures.

On the other hand, by far the most detailed monochromatic opacities publicly
available are those of the Opacity Project [75], which are tabulated for different
metals and can thus be combined for different solar compositions. For this reason,
they were used in reference [280] to compute the axion emission in free-bound and
bound-bound transitions. In the same study, three different opacity codes where
compared with excellent agreement. Therefore the OP opacities for the calculations
in this thesis were used.

In figures C.1–C.4 I show the radial variation of various characteristic parameters
of our standard solar model. In figure C.5 I show the region of origin of the thermal
solar neutrinos calculated in the main text. The left panel shows that most of the
flux originates within 0.2 R� with a maximum around 0.1 R�. Notice that emission
near the solar center is suppressed by the small volume of this region, i.e., by the
geometric r2 factor. In the right panel, I show the same information, but for each
neutrino energy, the flux is normalized to 1. For smaller neutrino energies, the
production site is somewhat shifted to larger solar radii.

http://cdsweb.u-strasbg.fr/topbase/
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Figure C.1: Temperature profile. Left panel: Saclay model [442, 443], our standard case. Right
panel: Relative deviations between solar models. Blue line: Saclay model vs. model [444] with
AGSS09 abundances. Orange line: Saclay model vs. model [444] with GS98 abundances.
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Figure C.2: Left panel: Electron number density. Right panel: Plasma frequency.
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Figure C.3: Left panel: Nonrelativistic degeneracy parameter η, where η → −∞ corresponds to a
Maxwell-Boltzmann distribution. Right panel: Average Pauli blocking factor when electron recoils
are small.
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Figure C.4: Phenomenological screening scales. Orange line: Electron screening ke. Blue line: Ion
screening ki. Green line: Total Debye scale ks.

Figure C.5: Isocontours of thermal neutrino emission. Left panel: The total flux (including the
geometrical r2 factor) is normalized to 1. Right panel: For each neutrino energy, the flux is
normalized to 1. The production site of very low energy neutrinos is displaced towards the solar
surface, but only slightly.
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