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• Astrophysics at high energies
• Processes: radiation and particles
• Detectors for HE photons & particles
• Instruments and Missions
• Results in Nuclear Astrophysics
• other HE Astrophysics Results



• Introduction and Overview
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(Thermal and) Non-Thermal Emission

Ønon-thermal radiation is 
prominent in high-energy 
astronomy
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Radiation Processes in High-Energy Astrophysics
• Thermal Radiation
• Radiation from (Accelerated) Charges

üBremsstrahlung
üSynchrotron Radiation
üCurvature Radiation

• Electron - Photon Scattering
ü (Thompson Scattering)
üCompton Scattering (inelastic)

• Transitions in QM Systems
üAtomic Transitions (partly-ionized atoms)
üNuclear Transitions

• Positron Annihilation
• Pion Decay
• …
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Emission and Absorption Processes 

....

Emission
Thermal emission
Recombination
Line de-excitation
e-/e+ Annihilation
Bremsstrahlung
Inverse Compton Scattering
Synchrotron Emission
Nuclear De-Excitation
Radioactive Decay
Pion Decay
...

Absorption
Bolometric absorption

Photoionization
Line excitations (atomic; nuclear)

e-/e+ pair production
Scattering (electrons; ions; nuclei)

Compton scattering
Synchrotron self absorption

Inverse Beta decay, Electron capture

...
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Ø radiation processes operate in both directions: energy transfers between d.o.f.'s



Basic Radiation Mechanisms in Astrophysics 
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à apparently, we need to look at 
• forms of matter (à complex systems; intrinsic energies)
• particle and field types, and their interactions and energies
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Forms of cosmic matter
Ø(elementary) particles

☞electrons
☞nucleons (p,n)
☞neutrinos, …

Øcompound particles
☞atomic nuclei
☞atoms, molecules
☞dust

Øplasma
☞elementary particles and atomic nuclei

Ømatter in complex larger objects
☞meteorites, comets, planets
☞stars, stellar groups, galaxies

Øobscure / exotic
☞black holes
☞dark matter
☞quark stars, other exotica
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Characteristics of cosmic matter
ØDensity

ü Interstellar medium ~collisionless, waves & fields control couplings; 10-25 g cm-3

üStars collision-coupled mul;-component ma<er; 103 g cm-3

üCompact stars extremes: new phases, degeneracy, …; 1014 g cm-3

ØPhase
üplasma, gas independent par;cles of different types
ü (liquid mutually-a<racted but freely-moving par;cles)
üsolid, crystalised par;cles bound in rigid structures; structural d.o.f.
üdegenerate par;cles compressed into quantum-limited volume;  

ØTemperature
ücold par;cle energy small wrt. available energy levels, only thermal energy
ühot par;cle energy much larger than available energy level spacings; excita;ons

ØEnergy
ünon-relaJvisJc par;cle kine;c energy much below its rest-mass energy
ü relaJvisJc par;cle kine;c energy much larger than its rest-mass energy
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Beyond Images: Characterising radiation from a Source
• Intensity and its spectral distribution

üBlack-body (Planckian; thermal) distributions
üPower-law distributions with cut-offs (low-energy, high-energy)
üMixed components with breaks (linear, power law, Planckian,...) 
üSpectral lines (Gaussian, Lorentzian; narrow, broadened)

• Time of arrival
üphoton propagation differs for different energies à dispersion
ü light curves, rise and fall times
üperiodicities, power spectra, oscillations

• Polarisation
üStokes parameters

• Angular distribution
üDipole and multipole radiation
üForward beaming, backscatter
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21 30. Cosmic Rays

Figure 30.10: Spectral energy density (SED) of photons from the Crab from sub-µeV to 1.1
PeV. Above 1 TeV, data are collected from 7 experiments listed in legend in the upper panel. The
lower panel shows the deviation between data and the model based on a widely accepted one-zone
leptonic origin in the nebula. Only Fermi-LAT and LHAASO data are shown for simplicity. Inset
is the X-ray image of the nebula by Chandra [197].

generally describes the radiation of the nebula over energies up to E“ ≥ 1.1 PeV, implying that
electrons and positrons are confined in a small region of ƒ 0.2 pc by a magnetic field of intensity
B ƒ 110 µG and are accelerated to energies as high as ƒ 2.3 PeV. This requires a surprisingly
high acceleration rate, ÷ = ‘̄/B = 0.14(B/100µG)(E“/1 PeV)1.54 PeV, at the level of 15%, where
‘̄ is projection of the electric field averaged over the particle trajectory. This rate is 3 orders
of magnitude higher than that in the normal shock environment such as in SNRs, revealing the
existence of a so-called ‘extreme accelerator’ in the middle of the nebula [195]. The flux of photons
above 0.8 PeV indicates some deviation from the pure leptonic scenario implying that a hadronic
component might be responsible. It could be a hint of the super PeVatron which may contribute
to the Galactic cosmic rays above the knee [195] (see Fig. 30.1).

RX J1713.7-3946 is one of the brightest objects in the TeV sky, and is the first SNR shell
to be confirmed as a TeV gamma-ray source [196]. The detailed TeV morphology reveals a shell
structure similar to the X-ray observations, indicating that particles are accelerated to very high
energy therein. The TeV gamma-ray spectrum extends to nearly 100 TeV. It is not determined
yet whether the gamma-rays are produced via Inverse Compton scattering of relativistic electrons
(leptonic process), or via neutral pion decay with the pions produced in the inelastic scattering
of CR protons with ambient gas (hadronic process) [198]. Nevertheless, the spectral information
demonstrates the e�cient acceleration of charged particles to energies beyond 100 TeV in this
object. The latest H.E.S.S observations also found that the TeV gamma-ray emission region extends
significantly beyond the X-ray emitting shell [199], which may be due to either the escape of particles
from the shell or to particle acceleration in the shock precursor region.

B. Variable sources Crab flares, binaries and pulsars are observed in the Galactic “-ray sky.
Their activity varies on timescales from a fraction of one second (pulsars), to days (Crab Nebula,
Novae), weeks, months or even years (“-ray binaries). Various analysis pipelines are developed
mainly by the LAT collaboration to search for and monitor “-ray transients.

The Crab Nebula shows flare activities on a timescale of days [200]. The instability is observed
only in GeV band by AGILE and Fermi/LAT. The flaring mechanism is still unclear with a couple

19th September, 2024
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Figure 7. Optical spectral evolution of SN2019np from �16.6 days to +367.8 days relative to the B-band maximum light. The spectra
have been corrected for host-galaxy redshift (z = 0.00452) and reddening. The text on the right side of each spectrum denotes the phase
in days since the B-band maximum light. Different colors of the spectra represent that they were taken with different spectroscopic
instruments (i.e., XLT, LJT, GTC, NOT or EKAR), which are indicated at the bottom of the plot.

MNRAS 000, 1–22 (2022)
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Figure 2. Optical and UV light curves of SN 2019np. Different colors represent different bands, including the Swift uvw2, uvm2, uvw1,
UVOT U, u, UVOT B, B, g, UVOT V, V, r, R, i, I and z. The insert panel shows the late-time light curves.

light-curve fitting tools SALT2 (Guy et al. 2010) and Su-
perNovae in object-oriented Python (SNooPY2, Burns et al.
2011), is estimated as 1.038± 0.004 and 1.040± 0.069 mag,
respectively. The best-fit light-curve models and the associ-
ated parameters are presented in Figure 3.

In Figures 4 and 5 we compare the optical and UV-
band light curves, respectively, between SN 2019np and sev-
eral other well-observed normal SNe Ia with similar values of
�m15. The comparison sample include SN 2018oh (Li et al.
2019), SN 2017cbv (Hosseinzadeh et al. 2017; Wang et al.
2020) and SN 2011fe (Silverman et al. 2012; Tsvetkov et al.
2013; Zhang et al. 2016b; Stahl et al. 2019). The optical
light curves of SN 2019np exhibit high similarities to those
of SN 2017cbv (�m15(B) = 1.06± 0.3 mag). Closer inspec-
tion of the UV light curves reveals that SN 2019np shows
exceptionally blue UV radiation in the very early phase,
which is also similar to SN 2017cbv.

3.2 Reddening

The Galactic extinction toward SN 2019np is estimated as
AV (Gal) = 0.055mag according to the dust map derived

by Schlafly & Finkbeiner (2011). Adopting the Cardelli
et al. (1989) extinction law with a total-to-selective ex-
tinction ratio of 3.1, the reddening due to Milky Way is
E(B� V )Gal = 0.018 mag. This is consistent with the weak
Na iD absorption due to the Milky Way.

Furthermore, we examined the absorption of the inter-
stellar Na iD doublet (5895.92, 5889.95 Å) due to the host
galaxy and derived an equivalent width (EW) of 0.68Å for
SN 2019np from its near-maximum-light spectra. This corre-
sponds to a host-galaxy reddening of 0.10±0.02 mag accord-
ing to the empirical relation proposed by Poznanski et al.
(2012) (i.e., log10(E(B�V )) = 1.17⇥EW(D1+D2)�1.85),
and a similar result with larger dispersion has been up-
dated by Phillips et al. (2013). We also employed SNooPy2
(Burns et al. 2011) to fit the multi-band light curves of
SN 2019np to determine the host-galaxy reddening, which
gives E(B � V )host = 0.110 ± 0.066mag. The best-fit re-
sults are also shown in Figure 3. We averaged the redden-
ing estimated by the above methods and adopted E(B �
V )host=0.10± 0.04mag as the final value. Moreover, an ex-
tinction law with RV = 3.1 (Cardelli et al. 1989) is adopted
throughout this paper.

MNRAS 000, 1–22 (2022)

This choice minimized the covariances between the
timing model parameters. We identified 16 pulsars
within the first 4months of data, and confirmed these
with the use of an independent data set of at least
1 additional month (Figs. 1 and 2; Tables 1 and 2).

Six of the 16 pulsars were found using the posi-
tions of well-localized counterparts at other wave-
lengths, whereas 10 were found using LAT source
positions. The LAT positions were uncertain by sev-
eral arc minutes, and in many cases the initial timing
models showed very large nonwhite residuals indi-
cative of a significant distance between the true posi-
tion and the position being used to barycenter the
data. We refined the positions in several ways (see
below). The number of digits used in the declination
of the names assigned to the pulsars reflects our

confidence in their localization. The discovery fre-
quencymay not be the true pulsar rotation frequency,
but rather a harmonic or a subharmonic, especially for
gamma-ray pulse profiles with two peaks separated
by ~180° in phase. We tested for this effect, but for
certain cases (e.g., J0357+32) the results remain in-
conclusive because of the low photon counts.

The gamma-ray pulsars. The 16 pulsars are rep-
resentative of the highest spin-down luminosity por-
tion of the general population, which includes 1800
pulsars in the Australia Telescope National Facility
(ATNF) database (20), including the six gamma-ray
pulsars detected with EGRET, as well as eight
gamma-ray MSPs detected by the Fermi LAT (10).

Thirteen LAT pulsars are associated with uniden-
tified EGRET sources. Indeed, 15 of 36 unidentified

EGRET sources searched showed pulsations, al-
though two of them (PSR J1028–5819 and PSR
J2021+3651) are known radio pulsars (21,22). Three
pulsars (J0357+32, J1459–60, and J2238+59) corre-
spond to newly seen LAT sources. This result sug-
gests that the blind searches are flux-limited; although
manyLATunidentified sources also could be pulsars,
most have too low a flux for a pulsation to have been
detected in our available data. Five pulsars are likely
associated with PWNs and/or SNRs, and an addi-
tional one (J1836+5925) is associated with a known
isolated neutron star. J0007+7303 (23) was long sus-
pected of being a pulsar because of its clear asso-
ciation with SNRCTA1 containing a PWN. J1418–
6058 is in the complex Kookaburra region of the
galactic plane and is likely associated with PWN
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Fig. 2. Folded light curves, with a resolution of 32 phase bins per period, of
the 16 pulsars discovered with the Fermi LAT, using 5 months of data with E >
300 MeV, selected from a region of radius 0.8° around the best position for
the pulsar. The light curves are not background-subtracted and can include a

substantial contribution from the galactic diffuse gamma-ray emission, par-
ticularly for the pulsars at low galactic latitude. The x axis represents phase; the
y axis represents counts per phase bin. Two rotations are shown, and the phase
of the first peak has been placed at ~0.3 for clarity.
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Figure 3: Schematic of the structured jet for GRB 221009A. Emission from the forward and
reverse shocks are produced by the jet out to its truncation angle ✓s. The angular structure of
the jet, dEK/d⌦/ ✓

�a, breaks slightly at ✓b, transitioning from a slope a1 ⇠ 0.75 to a2 ⇠ 1.15.
The prompt gamma-rays may be radiated from the central narrow core of aperture ✓� .
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Energy Scales
ØRest-Mass Energy

üEnergy Equivalent of Mass of MaTer ConsJtuents

ØThermal Energy
üKineJc-Energy DistribuJon with Mean

ØGravitaOonal-Binding Energy
üGravitaJonal PotenJal Energy (N parJcles)

ØAtomic-Binding Energy
üElectromagneJc PotenJal Energy (Coulomb PotenJal) 

ØMolecular-Binding Energy
üElectromagneJc Energy (oscillaJons in potenJal well)

ØNuclear-Binding Energy
üNuclear PotenJal Energy {Nucleon Binding)
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Astronomy: a Multi-Messenger Enterprise
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Astronomy: a Multi-Messenger Enterprise
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Astronomical 'Windows'

• Optical Astronomy ~ancient.. 17 century+

• “New Astronomies” 1930+
☞Radio Astronomy >1930
☞UV & X-Ray Astronomy > 1970 (IUE, Uhuru)
☞Gamma-Ray Astronomy >1970 (OSOIII,SASII)
☞Infrared Astronomy >1980 (IRAS)
☞TeV Astronomy >2000 (MAGIC, HESS)

• High-Energy Astronomy: > 100 eV … TeV   (range >10 decades!)

young!
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• Review/reminder of physical processes
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Blackbody Radiation
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Radiation from an accelerated  charged particle (general case)

Ø The information about the charge acceleration is transmitted as 
a pulse of electromagnetic radiation, with velocity c

Ø The total radiation is approximated by the Larmor formula (1897)

(p = dipole moment qr of charge q, a=     = acceleration)

Ø The radiation pattern is of dipolar form, i.e. the power radiated 
varies as sin2Θ. There is no radiation along the acceleration direction 

Ø The radiation is polarized with the electric field vector in the direction of the 
acceleration vector of the particle

r = ct

~v t

 

dP
dΩ

=
q2

ii

r
2

sin2Θ

4πc3

Evaluate the 'retarded' 
electric (scalar) and magnetic (vector) 
Potentials at observer...
à Liénard,Wiecher ~1900

 

P =
2q2

ii

r
2

3c3

′t =t−R/c
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Bremsstrahlung

ØBremsstrahlung of Deflected Charge
in Coulomb Fields of Nuclei in a Gas 

ØBremsstrahlung Cross Section
ü High-energy e- on unshielded charge Ze -> 'cross section':

ü In a plasma:
screening corrections
Gaunt factor (bmax/bmin) encodes properly-averaged collisional parameters

ü Radiated Spectral Power:

see Bethe & Heitler (1964), Koch & Motz (1959)
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Synchrotron Radiation
Particle in magnetic field B
à Acceleration perpendicular to B
à Gyration

Gyration frequency: 
ω=eB/γmc = 1.8x107 B γ-1

=14.4 B/E [Hz]
with Lorentz factor γ

Radiation Characteristics:

Power per solid angle: b=v/c, δ=angle vßàobserver

Radiation Cone Opening Angle:

Radiation Spectrum of a 
Pulse Sweeping by an Observer:
(e- gyrating with orbit radius r) or expressed as 
(with ψ pitch angle B-v) -> γ>103 for X/γ rays!

Total Power of Synchrotron Radiation (a||v): 
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ØE field of photon accelerates the charged electron à photon 
emission

ØMomentum and energy transfer to e-

ØCompton Cross Section:

üArthur Holly Compton (1892-1962), 1927 Nobel Prize (particle concept of em)
ü Klein Nishina Cross Section, from Q.M. Corrections

Compton Scattering

21
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ØEnergy gain of photon in a collision
üEg=γ2hν for lower energies
üEg=γ2mc2 for high (relaJvisJc) energies 

ØTotal Power 
(= Energy Loss of e-)

ü

ü low-energy situaJon: 
Thompson scaTering

üHigh energy (γhν>>mc2):
Klein-Nishina, ~1/hν

üEnergy spectrum ~ hν N(hν)
üMax Energy ~ 4 γ2 Ephotons

Inverse Compton Scattering
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Characteristic X-rays
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Atomic Nuclei: Potential Well for Nucleons

ØNucleons
üNeutrons
üProtons

ØNuclear Radius
üFrom Rutherford Scattering

-> ~ 1 fm
ØNuclear Density

ü~1013 g cm-3

ØNumber of Nucleonic Levels:
üFrom above, plus 

Phase Space Considerations:

->
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44Ti

44Ca

e-capture ( 99.3 % )
(Q=0.26 MeV)

g 0.0784 MeV  ( 98.3 % )*

t =89y

44Ti Decay:

Photon yields: (photons per decay)

0.0679 MeV 1.00
0.0789 MeV 0.98
0.5110 MeV          1.96 
1.1570 MeV 1.00
1.4995 MeV 0.01

44Sc

g 1.157 MeV (100%)

44Ti ->{t =89y}-> 44Sc:
[67.9keV(100%), 78.4keV(98%)]

44Sc ->{t = 5.4hrs}->44Ca 
[1.157 MeV (100%); b+ (98%) 
E (b+ )max=1.467 MeV]

t = 5.4 h g 0.0679 MeV  ( 100 % )*

0+

0-

1-

2+

e-capture
( 0.7 % )

2+

0+

4+ (2.28)

6+ (3.29)

6+ (0.27 MeV)

2+ (2.656)

g 1.157 MeV (1%)

e- - capture & b+  - decay  ( 98.95% )
(Q=3.654 MeV)

0- (0.146 MeV)

44Ti  Decay and Transitions between Nuclear Energy Levels
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Positron Annihilation
• Annihilations when merging with its anti-particle: e-
àDirectly, 

or forming an “atom” with e- and e+ à Positronium
ØRelative Spin Orientations è

üSinglet State 1S0/ Para-Positronium t~1.25 10-10 s

üTriplet State 3S1/ Ortho-Positronium t~1.40 10-7 s

Ø2-Photon Annihilation Only for Para-Ps: 
2 g at ~511 keV

Ø3-Photon Annihilation from Ortho-Ps: s=1 to s=1

ØAnnihilation Spectrum:
üLine/Continuum g Ratio 1.45
ü2.75 Annihilation g‘s per e+

e- e+

e- e+

charge exchange

Radiative capture

direct annihilation with 
H     e-

Annihilation rate versus Temperature

Roland Diehl     26



Pion Decay
• Pion production occurs in hadronic collisions at high energies

ØCreation of Gamma-Ray Photons 
of ~67 MeV (in restframe of decay)

☞i.e. Doppler-broadened
with cosmic-ray energies

NIC School 2025 Roland Diehl     27
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Čerenkov radiation
• charged particle motion with v>c/n=clocal_medium
à Čerenkov radiation
• photon flash emitted at angle θ wrt motion

• Energy emitted (per band):

à determine radiation characteristics from 
integrating over path in
the atmosphere
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• HE-Processes beyond electromagnetic radiation
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Entering Earth Atmosphere, Cosmic Rays produce
an avalanche of Secondaries, an "Air Shower"

Air showers consist of 3 components:

Ø hadronic component
primary proton scatters off atmospheric nuclei,
thereby producing protons, neutrons, pions,
kaons, ...

Ø myonic component
the decay of charged pions and kaons
generates myons

Ø electromagnetic component
the decay of neutral pions generates γ`s, which
initiate electromagnetic cascade through pair
creation and bremsstrahlung

Cosmic Rays – rays of relativistic particles

NIC School 2025 30



Cosmic Particle-Acceleration Sites
• No electrostatic accelerators because of short-circuiting plasma currents
• Shocks provide a "Fermi accelerator"

ØMagnetic-field scatterings confine particle to
bounce between regions before/behind shock

ØNeed to Confine CRs within their Acceleration Regions
üLarmor Radius < Source Extent  à LZeBE ××µ bmax

accelerators

momentum convecEon
("Fermi – I")

momentum diffusion
("Fermi – II")
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üCosmic-Ray Nuclear Reactions
Øe.g. 12C(p,pn)11C(b+), or 16O(p,a)13N(b+)

ØPion Production in HE Collisions p + p ® p+ + X

üHot-Plasma Pair Production
Ø'kT>MeV'-Plasma g+g ® e++e-

ü Accretion Columns & Disks
ü Jet Bases

üE.M.-Cascade Pair Production
ØStrong Magnetic Fields g+B ® e++e-

ü Pulsars
ü Jets  

üNucleosynthesis
Øe.g. 56Ni(b+), 44Ti(b+), 26Al(b+), 22Na(b+),

13N(b+), 14O(b+), 15O(b+), 18F(b+)

Positron Production Processes

b-

a

p

b+ , EC
Table of Isotopes

# neutrons

# 
pr

ot
on

s
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Raffelt, and Weiss, 1994; Giunti and Studenikin, 2015), decay
and annihilation into Majoron-like bosons (Schechter and
Valle, 1982; Gelmini and Valle, 1984; Beacom and Bell, 2002;
Beacom et al., 2003; Pakvasa, Joshipura, and Mohanty, 2013;
Pagliaroli et al., 2015; Bustamante, Beacom, and Murase,
2017; Denton and Tamborra, 2018b; Funcke, Raffelt, and
Vitagliano, 2020), for the CNB large primordial asymmetries
and other novel early-Universe phenomena (Pastor, Pinto, and
Raffelt, 2009; Arteaga et al., 2017), or entirely new sources
such as dark-matter decay (Barger et al., 2002; Halzen and
Klein, 2010; Esmaili and Serpico, 2013; Fan and Reece, 2013;

Feldstein et al., 2013; Agashe et al., 2014; Bhattacharya,
Reno, and Sarcevic, 2014; Higaki, Kitano, and Sato, 2014;
Boucenna et al., 2015; Fong et al., 2015; Kopp, Liu, and
Wang, 2015; Murase et al., 2015; Rott, Kohri, and Park, 2015;
Chianese et al., 2016; Cohen et al., 2017; Chianese et al.,
2019) and annihilation in the Sun or Earth (Silk, Olive, and
Srednicki, 1985; Srednicki, Olive, and Silk, 1987; Ritz and
Seckel, 1988; Kamionkowski, 1991; Cirelli et al., 2005). In
this review we do not explore such topics and instead stay
in a minimal framework, which includes normal flavor
conversion.
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FIG. 1. Grand unified neutrino spectrum (GUNS) at Earth, integrated over directions and summed over flavors.
Therefore, flavor conversion between source and detector does not affect this plot. Solid lines are displayed for neutrinos,
dashed or dotted lines are displayed for antineutrinos, and superimposed dashed and solid lines are displayed for sources of both ν
and ν̄. The fluxes from BBN, Earth, and reactors encompass only antineutrinos and the Sun emits only neutrinos, whereas all other
components include both. The CNB is shown for a minimal mass spectrum of m1 ¼ 0, m2 ¼ 8.6, and m3 ¼ 50 meV, producing a
blackbody spectrum plus two monochromatic lines of nonrelativistic neutrinos with energies corresponding to m2 and m3.
See Appendix D for an exact description of the individual curves. Top panel: neutrino flux ϕ as a function of energy. Line
sources are in units of cm−2 s−1. Bottom panel: neutrino energy flux E × ϕ as a function of energy. Line sources are in units of
eV cm−2 s−1.

Vitagliano, Tamborra, and Raffelt: Grand unified neutrino spectrum at Earth …

Rev. Mod. Phys., Vol. 92, No. 4, October–December 2020 045006-3

Neutrinos from Cosmic Sources
• Weak InteracXon ParXcle 

ü from nuclear interacJons, e.g.
☞ solar: solar 

ü from high-temperature plasma, e.g.
☞big bang:
☞solar:
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smaller than the density of Sun or Earth, so the matter or
neutrino backgrounds are no longer important. For the
purpose of flavor evolution of MeV-range neutrinos we are
in vacuum and the mass content of the original states does not
evolve. Thus we may use the best-fit probabilities Pei of
finding a νe or ν̄e in any of the mass eigenstates given in the
top row of Eq. (B3),

PBBN
1 ¼ 0.681; PBBN

2 ¼ 0.297; PBBN
3 ¼ 0.022: ð12Þ

Notice that here we have forced the numbers to add up to unity
to correct for rounding errors.
Thermal solar neutrinos emerge in all flavors, but not with

equal probabilities (Vitagliano, Redondo, and Raffelt, 2017).
For extremely low energies, the mass-eigenstate probabilities
are [see the text following Eq. (25)]

PSun
1 ¼ 0.432; PSun

2 ¼ 0.323; PSun
3 ¼ 0.245: ð13Þ

For higher energies, these probabilities are plotted in the
bottom panel of Fig. 12.
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. 5 as p instead of E and
the vertical axis as dn=dp instead of dn=dE, the CNB and
BBN curves do not change, except that we get three curves,
one for each mass eigenstate, with the relative amplitudes of
Eqs. (11) and (12).
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
(Sec. V.C). At higher energies, where our assumed small masses
are not important, the mass also enters into the matrix element
and one needs an appropriate evaluation of plasmon decay.
For experimental searches, the flux may be a more

appropriate quantity. Multiplying the number density spectra
of Fig. 5 for each p by the velocity vi ¼ p=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
p2 þm2

i

p

provides the mass-eigenstate flux spectra dΦ=dp shown in
Fig. 6 (top panel), which is in analogy with Fig. 2.
For experiments considering the absorption of neutrinos,

e.g., inverse β decay on tritium, the energy E is a more
appropriate variable than the momentum p, so we show
dΦ=dE as a function of E in Fig. 6 (bottom panel). 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. II.C and illustrated in
Fig. 2. Relative to the massless case of Fig. 5, the vertical axis
is simply scaled with a factor c, whereas the curves are
compressed in the horizontal direction by p → E ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
p2 þm2

i

p
. 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 ¼ 1.68 × 1012 cm−2 s−1; ð14aÞ

Φ2 ¼ 1.35 × 1011 cm−2 s−1; ð14bÞ

Φ3 ¼ 2.32 × 1010 cm−2 s−1; ð14cÞ

where we use Eqs. (7) and (8) of Sec. II.
Note that we assume m1 ¼ 0 in this section; a degenerate

mass spectrum (i.e., m1 ≫ Tν ¼ 0.168 meV) would make
the flux densities of all mass eigenstates similar to each
other, they would all have a spikelike behavior, and they
would be shifted to larger energies. In this case there is no
neutrino radiation in the Universe today, only neutrino hot
dark matter.

IV. SOLAR NEUTRINOS FROM NUCLEAR REACTIONS

The Sun emits 2.3% of its nuclear energy production in the
form of MeV-range electron neutrinos. They arise from the

FIG. 6. Flux densities of mass-eigenstate neutrinos for mi ¼ 0,
8.6, and 50 meVas indicated at the curves, using the probabilities
of Eqs. (11)–(13) and the spectra of Fig. 5. Top panel: dΦ=dp,
which includes a velocity factor vi ¼ p=Ei for each mass state.
Bottom panel: dΦ=dE showing sharp lines at E ¼ m2;3.
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X. ATMOSPHERIC NEUTRINOS

Atmospheric neutrinos are produced by cosmic rays inter-
acting with the atmosphere of Earth or the Sun (Seckel,
Stanev, and Gaisser, 1991; Ingelman and Thunman, 1996;
Gaisser, Engel, and Resconi, 2016; Argüelles et al., 2017;
Edsjö et al., 2017; Ng et al., 2017). Historically, they were the
first “natural neutrinos” to be detected (Achar et al., 1965;
Reines et al., 1965) and later played a fundamental role in
establishing flavor oscillations by the Super-Kamiokande
water Cherenkov detector (Fukuda et al., 1998). Nowadays,
atmospheric neutrinos are employed to measure the neutrino
mass and mixing parameters with high precision, while, on
the other hand, they are a background to the detection of
astrophysical neutrinos.

A. Cosmic rays

Charged particles like electrons, protons, and heavier nuclei
are accelerated within cosmic reservoirs or on their way to
Earth in the presence of astrophysical shocks and magnetic
turbulence. These particles constitute the cosmic-ray flux. It
further interacts with Earth’s atmosphere, producing a secon-
dary particle flux that includes neutrinos. The origin of cosmic
rays as well as their composition (the fraction of heavy nuclei
and protons) remains subject of vivid debate. The correspond-
ent neutrino flux depends on the cosmic-ray composition, the
scattering cross section with the atmosphere as well as
radiative losses, and the branching ratios of the by-products.
Comparing the cosmic-ray composition with the chemical

composition of the Solar System reveals interesting differences
(Gaisser, Engel, and Resconi, 2016). One is that the relative
contributionof heavynucleiwith respect to hydrogen is larger in
cosmic rays (Wang et al., 2002; Lodders, 2003; de Nolfo et al.,
2006; George et al., 2009; Dartois et al., 2015). This could be
due to the relative greater ionization energy of hydrogen

compared to heavy elements; in fact only ionized or charged
particles can be accelerated. An additional, straightforward
reason could be a difference in the source composition itself
(Cassé, Goret, and Cesarsky, 1975). Finally, for volatile
elements, it is possible that this could be due to a mass-to-
charge dependence of the acceleration efficiency, with heavier
ions being more favorably accelerated (Meyer, Drury, and
Ellison, 1997). Another striking difference is that two groups
of elements (Li, Be, andB is one; Sc, Ti,V,Cr, andMn theother)
are more abundant in cosmic rays. This is because they are
produced in spallation processes (scattering of cosmic rays in
the interstellar medium) instead of stellar nucleosynthesis
(Tanabashi et al., 2018).
Turning to the energy distribution, above 10 GeV a good

approximation to the differential spectrum per nucleon is
given by an inverse power law of the form

dNN

dE
∝ E−ðγþ1Þ; ð45Þ

where γ ≈ 1.7 up to around 3 × 106 GeV, e.g., γproton ¼
1.71% 0.05 (Gaisser, Engel, and Resconi, 2016), and γ ≈
2.0 at larger energies. This spectral break is known as the knee
of the cosmic-ray flux. A second break, known as second
knee, is near 108 GeV. Near 3 × 109 GeV there is another
break known as the ankle. Including the normalization given
in Tanabashi et al. (2018), the spectrum between several GeV
and 100 TeV is

dNN

dE
¼ 1.8×104

ðGeV=nucleonÞm2 ssr

!
E

GeV=nucleon

"−ðγþ1Þ
: ð46Þ

Below 10 GeV, all cosmic-ray spectra show “solar modula-
tion” (Gleeson and Axford, 1968; Strauss et al., 2012;
Maccione, 2013; Cholis, Hooper, and Linden, 2016), a time
variation caused by the solar wind, a low-energy plasma of
electrons and protons ejected by the Sun with its 11 yr cycle.
The shieldlike effect of the solar activity translates to an
anticorrelation between the latter and cosmic-ray spectra.
Moreover, low-energy particles entering the atmosphere also
suffer geomagnetic effects. Therefore, low-energy secondary
particle fluxes, including neutrinos, depend on both location
and time.

B. Conventional neutrinos

Cosmic rays entering the atmosphere scatter and produce
secondary particles, especially charged or neutral pions and
kaons, which in turn decay and produce the “conventional
neutrinos” (Stanev, 2004) as a main contribution at low
energies. The detailed decay chains are10

π% → μ% þ νμðν̄μÞ
↓

e% þ νeðν̄eÞ þ ν̄μðνμÞ; ð47Þ
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FIG. 26. Experimental limits on the ν̄e component of the DSNB
by Super-Kamiokande (SK) I, II, and III (Bays et al., 2012),
SK IV (Zhang et al., 2015), and KamLAND (Gando et al., 2012).
The fiducial predicted flux is mix 1 (red solid line) with an
adopted normalization uncertainty of a factor of 2 in either
direction (shaded band). We also show mix 2 (gray dashed line),
which includes a larger fraction of BH-forming cases. Adapted
from Nakazato et al., 2015.

10More details on the decay channels and their branching ratios
were given by Olive et al. (2014) and Tanabashi et al. (2018).

Vitagliano, Tamborra, and Raffelt: Grand unified neutrino spectrum at Earth …

Rev. Mod. Phys., Vol. 92, No. 4, October–December 2020 045006-32

In this review we discuss the GUNS plots of Fig. 1
and review the different components in approximately
increasing order of energy. In Sec. II we begin with the
CNB, discussing primarily the impact of neutrino masses. In
Fig. 1 we show a minimal example where the smallest
neutrino mass vanishes, providing the traditional blackbody
radiation, and two mass components that are nonrelativis-
tic today.
In Sec. III we turn to neutrinos from the big-bang

nucleosynthesis (BBN) epoch that form a small but dominant
contribution at energies just above the CNB. This recently
recognized flux derives from neutron and triton decays
n → pþ e− þ ν̄e and 3H → 3Heþ e− þ ν̄e that are left over
from BBN.
In Sec. IV we turn to the Sun, which is especially bright in

neutrinos because of its proximity, beginning with the tradi-
tional MeV-range neutrinos from nuclear reactions that
produce only νe. We continue in Sec. V with 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 from Earth or directly (day-
night effect).
Nuclear fusion in the Sun produces only νe, implying that

the MeV-range ν̄e fluxes, also modified by oscillations, are of
terrestrial origin from nuclear fission. In Sec. VI we consider
geoneutrinos that predominantly come from natural radio-
active decays of potassium, uranium, and thorium. In Sec. VII
we turn to nuclear power reactors. Both fluxes strongly
depend on location, so their contributions to the GUNS are
not universal.
In Sec. VIII we turn to the 1–100 MeV range where

neutrinos from the next nearby stellar collapse, which could be
an exploding or failed supernova, one of the most exciting
albeit rare targets. However, some of the most interesting
information is in the detailed time profile of these few-second
bursts. Moreover, the range of expected distances is large
and the signal depends on the viewing angle of these
asymmetric events. Therefore, such sources fit poorly on
the GUNS and are not shown in Fig. 1. On the other hand,
the diffuse supernova neutrino background (DSNB) from all
past collapsing stellar cores in the Universe dominates in the
10–50 MeV range (Sec. IX). 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 experi-
ments, thereby opening a new frontier.
Beyond the DSNB begins the realm of high-energy

neutrinos. Up to about 1014 eV atmospheric neutrinos domi-
nate (Sec. X). Historically they were the first “natural”
neutrinos to be observed in the 1960s as mentioned earlier,
and the observed up-down asymmetry by the Super-
Kamiokande detector led to the first incontrovertible evidence
for flavor conversion in 1998. Today, atmospheric neutrinos
are still being used for oscillation physics. Otherwise they
are mainly a background to astrophysical sources in this
energy range.
In Sec.XIwe turn to the range beyond atmospheric neutrinos.

Since 2013, the IceCube observatory at the South Pole has

reported detections of more than 100 high-energy cosmic
neutrinos with energies 1014–1016 eV, an achievement that
marks the beginning of galactic and extragalactic neutrino
astronomy. The sources of this apparently diffuse flux remain
uncertain. At yet larger energies, a diffuse “cosmogenic
neutrino flux” may exist as a result of possible cosmic-ray
interactions at extremely high energies.
We conclude in Sec. XII with a summary and discussion of

our results. We also speculate about possible developments in
the foreseeable future.

II. COSMIC NEUTRINO BACKGROUND

The CNB, a relic from the early Universe when it was about
1 s old, consists today of about 112 cm−3 neutrinos plus
antineutrinos per flavor. It 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 ¼ 1.945 K ¼ 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 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 versus Majorana nature.

A. Standard properties of the CNB

Cosmic neutrinos (Dolgov, 2002; Hannestad, 2006;
Lesgourgues et al., 2013; Lesgourgues and Verde, 2018)
are a thermal relic from the hot early Universe, in analogy with
the cosmic microwave background (CMB). At cosmic temper-
ature T above a few MeV, photons, leptons, and nucleons are
in thermal equilibrium, so 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
potentials are negligibly small.
The true origin of primordial particle asymmetries remains

unknown, but one particularly attractive scenario is lepto-
genesis, which is directly connected to the origin of neutrino
masses (Fukugita and Yanagida, 1986; Buchmüller, Peccei,
and Yanagida, 2005; Davidson, Nardi, and Nir, 2008). 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, neu-

trinos 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 kinemati-
cally 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 afterward
Tν ¼ ð4=11Þ1=3Tγ . Based on the present-day value TCMB ¼
2.725 K one finds that Tν ¼ 1.945 K today.
The radiation density after eþe− disappearance is provided

by photons and neutrinos and, before the latter become
nonrelativistic, is usually expressed as
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Accretion: Modeling Conversion from Gravitational Energy to Photons 
(Shakura&Sunyaev 1973)
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• Potential energy of infalling matter à Heating

• Angular momentum à Accretion Disk
• Virial Theorem: 

1/2 of Energy à Radiation, 1/2 à Heat of Gas

• Temperature Distribution

• 2 Regions: 

Radiation Pressure > Gas Pressure 

inner Region; Torus-like 

Gas Pressure > Radiation pressure
optically-thin, geometrically-thick Disk

• Innermost radius = 6 Rg = 6 GM/c2

][
1

10200
2

, MeV
GeV
mc

R
kmE NSGrav ú

û

ù
ê
ë

é
úû
ù

êë
é»

NIC School 2025 Roland Diehl     34



Gravitational Waves
• Photon PropagaXon: Gravity Effects

Gravitaeonal Redshif
Gravitaeonal Lensing

• Dynamical Space DistorXons à GravitaXonal Waves
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illustration, though largely exaggerated


