
Astrodeeltjesfysica 

Jacco Vink



De kruisbestuiving tussen natuur- en sterrenkunde

•17e eeuw: een belangrijke kruisbestuiving sterrenkunde en natuurkunde 
•19e eeuw: uitvinding spectroscopie → sterrenkunde wordt astrofysica  

•we kunnen samenstelling zon & sterren meten! 
•20e eeuw:  

•telescopen voor radio, infrarood, UV, röntgen en gammastraling 
•nieuwe natuurkunde beinvloeden onze kijk op het heelal 
•algemene relativiteitstheorie (zwarte gaten!), kwantumfysica (witte dwergen), deeltjes 
fysica (neutronen sterren, kernfusie)



Astrodeeltjesfysica

• Alternatieve methoden om kosmos te bestuderen: 
• Deeltjes die de Aarde bereiken: kosmische “straling”, neutrino’s 
• Zwaartekrachtsstraling 

• Astrodeeltjesfysica: astrofysica met behulp van deeltjes en zwaartekrachtsstraling 
• Andere termen: astroparticle physics, multimessenger astrophysics 
• Soms valt de zoektocht naar donkere materie deeltjes of vroege heelal eronder



Alle elementaire deeltjes
•Materie bestaat uit elementaire deeltjes 

•Kunnen niet verder opgedeeld 
•Deeltjes hebben antideeltjes 

•Bijv.: elektronen & kwarks zijn elementaire deeltjes 
•Protonen niet: bestaat uit uud kwarks 
•In natuur deeltjes altijd hele ladingen 
•Kwarks hebben 1/3,2/3 ladingen; komen niet vrij voor 
•Kwarks/elektronen/neutrinos in drie “smaken” 

•licht, zwaar, zwaarst (bijv u, c, t of e, μ,τ) 
•Protonen en neutron bestaan uit 3 kwarks 
•Er bestaan ook deeltjes met 2 kwarks: mesonen 
•Massa deeltjes vaak aangegeven in energie volgens 
E=mc2. Bijv. proton: m=938 MeV/c2 (1.67x10-27 kg) 

•Energiën in eV (electronvolt)



Pi-mesonen (pionen)
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384 CHAPTER 13. RADIATION PROCESSES

Table 13.4: Properties of some mesons [1096]. Threshold energies are for protons
impacting on protons or neutrons (for negatively charged mesons).
Name Symbol Content Mass Life time Ethr Decay

(MeV/c2) (s) (MeV) products

pion p0 dd�uup
2

134.98 8.5⇥10�17 279.7 2g
pion p+ ud 139.57 2.6⇥10�8 291.0 µ+nµ
pion p� du 139.57 2.6⇥10�8 287.8 µ�nµ
kaon K+ us 493.68 1.2⇥10�8 1119.2 µ+nµ , p0p+

kaon K� su 493.68 1.2⇥10�8 1114.4 µ�nµ , p0p�

kaon K0 ds�sdp
2

497.61 9.0⇥10�9 1127.2 p+p�,p0p0

kaon K0 ds+sdp
2

497.61 5.2⇥10�8 1127.2 p±e⌥ne,p±µ⌥nµ ,3p0

eta h uu+dd�2ssp
6

547.86 5.0⇥10�19 1255.7 2g ,3p0,p0p+p�

decay are typically detected between photon energies of ⇠ 100 MeV to ⇠ 100 TeV.
This corresponds to the electromagnetic bands of the NASA Fermi-LAT satellite ex-
periment (⇠ 30 MeV to ⇠300 GeV), and imaging atmospheric Cherenkov telescopes
like H.E.S.S., MAGIC, VERITAS, and the future Cherenkov Telescope Array (CTA).

13.6.1 Meson production in supernova remnants
The lightest mesons are the p-mesons or pions (Table 13.4), which are, therefore, the
most common secondary particles produced in hadron-hadron collisions. Pions consist
of a combination of up- (u) and down-quarks (d), with the neutral pion being a quantum
superposition of up- and down quarks and their anti-particles (Table 13.4). Examples
of these collisions and their products are

p+p !p+p+p0,

p+p !p+n+p+,

p+n !p+p+p�,

p+p !p+p+p++p�.

More generically, we can refer to the production of neutral pions as

p+p !p0 +X ,

X standing for any number of particles existing after the collisions, as long as the reac-
tion observes the applicable conservation laws. For very high energies, if multiple pi-
ons are made per collision, the ratio between pions produced tends to p0 : p+ : p� ⇡ 1 :
1 : 1. For collisions between atomic nuclei, the interactions are simply the interactions
of the individual nucleons (or more accurately the quarks) they consist of. However, a
correction factor may apply to the relevant cross-section, as discussed below.

Note that pions can also be produced through photon-hadron interactions (e.g. g +
p ! p+ p0). This mechanism is subdominant for supernova remnants, but may be
important for some relativistic jets, for example in blazars.

Pions decay quickly (Table 13.4) into stable particles, i.e. photons for the neutral
pion and electrons, and positrons/electrons and neutrinos for the charged pions, with

Pion productie (voorbeelden)
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Pion verval 



Een voorbeeld: zonneneutrinos
4 1. NEUTRINOS

helium, the net-reaction of which is

4p ! 4
He + 2e

+
+ 2⌫e.

The hydrogen burning in main-sequence stars in low mass stars (M < 1.4M�) is the pp-chain. More
massive stars, have hotter interiors, in which case the energy production is the CNO-cycle (Fig. 1.1),
in which burning starts with proton-carbon fusion, and nitrogen and oxygen isotopes are produced as
intermediary products, but the net end result is still given by 1.1.1, which means that although carbon is
used, it is also being produced.

The interior of the Sun has a temperature of about T = 1.5⇥ 10
7 K, in which case the full hydrogen

burning reaction should be:

1
H +

1
H ! 2

H + e+
+ ⌫e, E⌫  0.42MeV (1.2)

1
H +

1
H + e

� ! 2
H + ⌫e, E⌫ = 1.4MeV (1.3)
#

2
H +

1
H !3

He + �,

#
3
He +

3
He !4

He + 2
1
H,

In 14% of the cases 3He fuses to 4He through:

3
He +

4
He ! 7

Be + � (1.4)
#

7
Be + e� !7

Li + ⌫e, E⌫ = 0.86 or 0.38 MeV
⇤

#
7
Li +

1
H ! 2

4
He.

But in 0.11% of the cases (so this is rater rare, as this branch was already at 14%) 7Be reacts with a
proton rather than an electron:

7
Be +

1
H ! 8

B + �, (1.5)
#

8
B ! 8

Be + e+
+ ⌫e, Emax

⌫ ⇡ 15MeV

#
8
Be ! 2

4
He.

1.1.2 MEASURING SOLAR NEUTRINOS USING CHLORIDE

We see that in several of the branches neutrinos are produced, but as Emax
⌫ indicates the energy of

the neutrino produced differs. In the 1960ies Ray Davis Jr., from Brookhaven National Laboratories,
designed an experiment to detect the neutrinos after theorists John Bahcall had done calculations making
accurate predictions for the expected neutrino fluxes from the various branches.† Ray Davis and his
†See http://www.pbs.org/wgbh/nova/physics/solar-neutrinos.html for an interview with John Bahcall
about the history of the experiment.

•Hoofdreactie  (86%, Q=26.20 MeV/4He)

•Andere reactie  (14%)
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•0.11% of 7Be:

Productie van neutrino door proton naar helium fusie

•De zon geeft licht omdat de zon heet is! 
•De zon blijft miljarden heet door kernfusie 

•protonen worden omgezet in helium 
•daarbij komen neutrinos vrij



Zonneneutrinos: een raadsel
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•Homestake mijn-experiment (Raymond Davis & John Bahcall):  
•gebruik νe + 37Cl → 37Ar + e- 

•37Ar is radioactive en een gas: meet radioactiviteit  
•Nadeel: alleen gevoelig voor neutrinos met 0.81 MeV energie (0.11%) 
•Conclusie in 1964-1970s: een tekort aan neutrinos!

1.1. THE SOLAR NEUTRINO PROBLEM 5

Fig. 1.2 Left: Ray Davis Jr swimming in the Homestake mine, 1.5 km underground. The water surrounded the
chlorine tank that was used to detect solar neutrinos. Photo source: Courtesy Brookhaven National Laboratory.
Right: schematic view of the neutrino detector as taken from the neutrino detection article (Davis et al., 1968).

collaboratories built a tank in the Homestake goldmine at Lead, South Dakota, containing 390000 liter
of liquid tetrachlorin tetrachloroethylene (C2Cl4). The tank was surrounded by water in order to suppress
other types of reactions due to background process, such as induced by cosmic-ray activitity or radio-
active interactions.

The reaction the experiment was sensitive to was

37
Cl + ⌫e !37 Ar + e

�,

which has a threshold 5.15 MeV. This meant that the experiment was mostly sensitive to a minor branch
of the pp cycle (Eq. 1.5). Since the argon produced is inert gas it could be easily accumulated and
collected. The accuracy of the argon collection was measured by also introducing 36Ar into the tank and
collecting it. 37Ar is radio-active and could be counted using Geiger counters.

The experiment initially only provided an upper limit on the neutrino capture rate of < 3 ⇥ 10
�36

captures/second per 37Cl atom, whereas the predictions were 20⇥ 10
�36captures/s (Davis et al., 1968).

The experiment run for a very long time, until 1994, and eventually yielded a measurement of < 3 ⇥
10
�36 captures/second (2.55± 10.7± 0.18)⇥ 10

�36 captures/sec. This is a factor three below updated
solar physics calculations (Haxton, 1995). The discrepancy between the predicted and observed neutrino
rate from the Sun was called the Solar neutrino problem.

1.1.3 GALLIUM EXPERIMENTS: GALEX AND SAGE

In order to solve the solar neutrino problem several other experiments were set up. In particular, it was
important to detect neutrinos from the main branch of the pp-chain, rather than the minor Be-B branch.
For this reason two experiments, the European GALLEX experiment (1991-1997) and the Russian-
American SAGE experiment (1991-2007) used the following reactions to detect neutrinos:

71
Ga + ⌫e !71

Ge + e
�,

This reaction has a low threshold of 0.23 MeV, making it sensitive to the main branch of the pp-
reaction chain. A disadvantage with respect to chloried is, however, that the germanium has to be



Zonneneutrinos: een oplossing
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•Berekeningen fout of is er iets aan de hand? 
•Nieuwe experimenten: GALEX en SAGE gevoelig voor lage energie neutrinos 

•Maar gebaseerd op chemische reacties en minder nauwkeurig 
•Nieuw experiment: (super)Kamiokande -> real time  
•Conclusie:  

•er is echt een tekort, maar het ligt niet aan de zon 
•en neutrinos oscilleren!!: ze fluctueren tussen electron/muon/tau neutrinos

6 1. NEUTRINOS

Fig. 1.3 Left: the sun as seen in neutrinos with the Super-Kamiokande neutrino detector. Right: the Kamiokande
detector. (Source: http://www-sk.icrr.u-tokyo.ac.jp/sk/physics/solarnu-intro-e.
html)

recovered through more complicated chemical reactions, making it less accurated. The total Solar
neutrino interactions for GALEX were (77.5 ± 6.2+4.3

�4.7) ⇥ 10
�36 captures/s, a factor 2-3 below the

expected value (Hampel et al., 1999). The SAGE experiment reported a statistically similar rate of
(65

+3.1
3.0 (stat)

+2.6
�2.8(syst)) ⇥ 10

�36 captures/s (Abdurashitov et al., 2009). These values are a factor two
to three below the predicted capture rates, and are more reliable for comparing to the solar neutrino
production, as they are sensitive to the main branch of the pp-chain.

The persistence of the solar neutrino problem, despite many experimental progress, but also theoreti-
cal/observational progress regarding the interior of the Sun, lead in the 1990ies to slowly favor the theory
of neutrino oscillations, first proposed by Pontecorvo in the 1960ies (?).

1.1.4 THE KAMIOKANDE WATER CHERENKOV DETECTOR

Water Cherenkov detectors detect neutrino through the recoil reaction in water:

⌫x + e
� ! ⌫ 0x + e

�0,

with the prime indicating that the neutrino has exchanged energy with the electron. The energized elec-
tron produces Cherenkov radiation in water, which is recorded by photon-multiplier tubes. The threshold
for the experiments is typically 5 MeV. The most important experiment of this kind is the Kamiokande
experiment in the Kamioke mine in Japan. Initially the experiment was set up to detect the putative decay
of protons, but later reinstrumented to detect neutrinos (Kamiokande II), and in 1996 it was expanded
into the Super-Kamiokande experiment.

The threshold of 5 MeV means that the experiment is only sensitive to the 7Be-decay branch.However,
the direction of the Cherenkov-light cone means that one can register the direction from which the neu-
trinos are coming from (Fig. 1.3).

Super-Kamiokande was, together with SNO (see below), the first experiment to show that neutrinos
oscillate between mass eigenstates, and that these oscillations could explain the solar-neutrino problem
(Fukuda et al., 2002; Ahmad et al., 2002). Super-Kamiokande



Het begin van astrodeeltjesfysica?

• ~1910 Victor Hess ontdekt 
“penetrerende straling” uit de kosmos 

• ~1930-40 “straling” blijkt energetisch, 
geladen deeltjes  
(bijdrage Nederlander Jacob Clays) 

• 1932 Carl Anderson ontdekt het 
positron in kosmische “straling”



Van Giga- tot 100 Exa- electronVolt212CHAPTER 11. COSMIC-RAY ACCELERATION BY SUPERNOVA REMNANTS: INTRODUCTION AND THEORY

Figure 11.1: The cosmic-ray flux spectrum as measured by various experiments, based
on the compilation of [691], and [72, 69, 75, 3]. The flux points below ⇠ 1014 eV are
based on proton cosmic rays only, and have been multiplied by a factor 3, in order to
match the all-species cosmic-ray spectra at higher energies. Left: The spectrum in flux
units, showing that the spectrum is nearly a power law from 1010 eV to 1019 eV. Right:
The spectrum multiplied by E2.7, which brings out features like the ”Knee” and the
”Ankle”.

fig:cr_spectrum

and other accelerated atomic nuclei are also present. These results also suggested that
the particle acceleration probably took place in the supernova remnant rather than dur-
ing the supernova explosion itself.

Since the 1950ies there has been a lot of progress in understanding particle ac-
celeration in supernova remnants. This progress has been caused by the tremendous
advances in multiwavelength, observational capabilities, which now includes detecting
charged particles with energies in excess of 10 TeV with g-ray and X-ray telescopes. In
addition, our theoretical understanding of particle acceleration by supernova remnant
shocks has greatly advanced. This does not mean that we are absolutely certain that
most cosmic rays bombarding Earth are originating from supernova remnants. As will
be explained in this chapter, there are two main requirements for supernova remnants
to be the primary source of Galactic cosmic rays:

1. supernova remnants have to be able to convert 5-20% of the explosion energy to
cosmic-ray energy (i.e. about 1050 erg per supernova remnant), and

2. supernova remnants have to be capable of accelerating protons to energies of at
least 3⇥1015 eV (3 PeV).

Accelerators that accelerate particles beyond 1 PeV are sometimes called PeVa-
trons. So the second requirement is sometimes rephrased as ”Are supernova remnants
cosmic PeVatrons?”.

In this chapter and the next we will explain where these two requirements come
from and what theoretical considerations and observational data tell us about whether
supernova remnants can indeed be the primary sources of Galactic cosmic rays.

1 particle m-2s-1

1 particle m-2yr-1

1 particle km-2yr-1

1 particle km-2century-1

Pierre Auger 
Observatory

LHC



Kosmische stralings kaskades

Kosmische Stralings detector: Pierre Auger Observatory  (Argentinië)

•Voor E> 100 TeV: deeltjes worden niet meer direct waargenomen 
•Deeltjes veroorzaken door botsingen productie van veel andere deeltjes: een kaskade! 
•Wat gedectectoord wordt: een optische spoor/flits en de secundaire deeltjes op de grond



Details in het spectrum
• Details in spectrum: 

•  iets over oorsprong? 
• Huidige inzichten: 

• “knie”: maximale energie 
protonenversnellers in 
Melkweg 

• “enkel”: kosmische straling 
van buiten de Melkweg 

• 4x1019 eV: maximale 
energie haalbaar 
versnellers

2CHAPTER 1. SUPERNOVA REMNANTS AND COSMIC RAYS: INTRODUCTION AND THEORY

Figure 1.1: The cosmic-ray flux spectrum as measured by various experiments, based
on the compilation of [86], and [16, 15, 18, 3]. The flux points below ⇠ 1014 eV are
based on proton cosmic rays only, and have been multiplied by a factor 3, in order to
match the all-species cosmic-ray spectra at higher energies. Left: The spectrum in flux
units, showing that the spectrum is nearly a power law from 1010 eV to 1019 eV. Right:
The spectrum multiplied by E

2.7, which brings out features like the ”Knee” and the
”Ankle”.

Since the 1950ies there has been a lot of progress in understanding particle ac-
celeration in supernova remnants. This progress has been caused by the tremendous
advances in multiwavelength, observational capabilities, which now includes detecting
charged particles with energies in excess of 10 TeV with g-ray and X-ray telescopes. In
addition, our theoretical understanding of particle acceleration by supernova remnant
shocks has greatly advanced. This does not mean that we are absolutely certain that
most cosmic rays bombarding Earth are originating from supernova remnants. As will
be explained in this chapter, there are two main requirements for supernova remnants
to be the primary source of Galactic cosmic rays:

1. supernova remnants have to be able to convert 5-20% of the explosion energy to
cosmic-ray energy (i.e. about 1050 erg per supernova remnant), and

2. supernova remnants have to be capable of accelerating protons to energies of at
least 3⇥1015 eV (3 PeV).

In this chapter and the next we will explain where these two requirements come
from and what theoretical considerations and observational data tell us about whether
supernova remnants can indeed be the primary sources of Galactic cosmic rays.

1.1.1 The cosmic-ray spectrum

The measured cosmic rays spectrum spans eleven orders of magnitude, from roughly
109 � 1020 eV (Fig. 1.1). For energies around and below 1 GeV the spectrum as ob-
served on Earth is affected by the solar wind, and is, in fact, modulated by the variation
in the solar wind properties, which varies during the 22 year cycle of solar activity.

Tegengehouden door 
zonnewind

De “knie”:  
3x1015 eV 

De “enkel”: 3x1018 eV 
E-3.0 → E-2.7

Maximale energie  
versnellers?  
4x1019eV



Waaraan moeten versnellers voldoen?
• David Hillas (1984): 

• Om te versnellen moet je een deeltje lang in 
bedwang houden binnen de versneller: je 
hebt magneetveld nodig 

• Hoe kleiner versneller, hoe sterker 
magneetveld 

• Elektrische velden worden snel 
geneutraliseerd 

• Versnelling: snelle bewegingen en hoge 
magneetvelden 

• Sterkte magneetveld hangt samen met 
grootte: versnelling in een grote bron met 
zwak magneetveld, of kleine bron met groot 
magneetveld

IGM
Shocks

Neutron
Stars

White
Dwarfs

AGNRadio jets

Sun 
spots

Magnetic
stars

stellar
winds

SNRs

GRBs?



Waarschijnlijke bronnen

• Bronnen moeten voldoende energie hebben en magneetvelden.  
• Zo’n 10% gaat naar kosmische straling 
• In Melkweg: meest energie komt van supernova(resten) 
• Buiten de Melkweg: meest energetische bronnen zijn jets veroorzaakt door 

superzware zwarte gaten (AGN)

Cassiopeia A Centaurus A



Kosmische versnellers

15

9 km

CERN Large Hadron Collider

13 teraelectronvolt  (1.3x1013 eV) tot 100 exaelectronvolt (1020 eV) 

tennisbal @ 100 km/uurmug @ 3 km/uur

A cosmic accelerator

miljoen lichtjaar 
1019 km 

4 lichtdagen 

M87



Van waarvandaan komt kosmische straling?

Voor > 5x1019eV: kosmische stralingsrichting geeft hints over oorsprong



Samenstelling van kosmische straling

• Tot 1013 eV: meten van samenstelling 
kosmische straling 

• 99%: atoomkernen; 1%: elektronen 
• Samenstelling atomen: extra “oneven 

elementen” t.o.v. samenstelling zon 
• atoomkernen gaan “kapot” tijdens reis 

• Radio-activiteit/samenstelling: 
• Rond 1 GeV: deeltje blijft 15 miljoen 

jaar reizen in Melkweg 
• Deel van reis door gebieden met 

weinig gas (halo Melkweg)
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Figure 11.2: Cosmic-ray abundances (red) for elements up to Z = 28 (nickel) in the
energy interval 600-1000 MeV/nucleon [916], compared to solar composition abun-
dances [646]. The abudances have been normalised to [Si]⌘ 100.

fig:crcomposition

11.1.2 Cosmic-ray composition
{sec:cr_composition}

The most detailed knowledge about the cosmic-ray composition concerns cosmic rays
with energies below ⇠ 1013 eV, for which primary cosmic ray properties are measured
using balloon and satellite experiments. For higher energies the composition of cos-
mic rays is more difficult to measure, as they are primarily detected and characterised
by measuring the properties of the extensive air-showers on Earth. The extensive air
showers are caused by a cascade of secondary particles, caused by the collision of the
primary cosmic ray with an atom in the Earth’ atmosphere [see 743, for a review].

The cosmic-ray composition between 109 �1013 eV

Balloon and satellite experiments show that cosmic rays consist mostly of protons and
other atomic nuclei, which are usually collectively referred to as hadronic cosmic rays.
For cosmic-ray energies around 10 GeV, 0.55% of the particles are electrons, 2 a frac-
tion that decreases with increasing energy. Cosmic-ray positrons constitute an even
smaller fraction of ⇠ 0.03% [22]. Together the electron/positron components of the
cosmic rays are labeled leptonic cosmic rays, which formally includes the short-lived
energetic muons that are a by-product of hadronic cosmic-ray interactions with matter.
Positrons are a by-product of interactions of cosmic rays with the interstellar medium
(§ A.6). A surprising increase in the positron to electron ratio above 10 GeV [41, 22]
has been associated with the self-annihilation of dark matter particles [e.g. 237, 146].
However, positrons from nearby pulsar wind nebulae offer a less exotic explanation
for the rise in the positron to electron ratio [e.g. 487], given that pulsar wind nebulae
contain probably equal amounts of electrons and positrons (chapter A.3).

2This is based on combining equation 29.2 in [790], with the electron flux measured by the Pamela
satellite experiment [39].
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Figure 11.4: The cosmic-ray boron-carbon ratio as a function of energy per nucleon,
measured by the PAMELA space experiment [42]. The model is a simple leaky-box
model with parameters x = 21.8b 3(R/3GV)�d g cm�2, with d = 0.65.

transport equation, which can be written as

(i) (ii) (iii) (iv)

∂ni(E)
∂ t

= —(D—ni(E)) �—vni(E) +
∂

∂E
[bi(E)ni(E)] � ni(E)

gti

�Â j>i
n j(E)
gt ji

� r
mp

bcÂ j<i si,jni + r
mp

bcÂk>i sk,ink +Qi(E),
(v) (vi) (vii) (viii)

(11.5)
with ni(E) the density per unit energy of cosmic-ay species i. The different terms on the
right hand side indicate respectively (i) transport through diffusion, (ii) transport due
to advection with the plasma motions in the ISM, (iii) energy gains and losses, (iv) the
decay of particle i with Lorentz-dilation-corrected time ti (for radio-active particles),
(v) decay of radioactive particle j into particle i, (vi) the spallation of particle i due to
interaction with the background gas, with nucleon number density nbg = r/mp, (vii) the
gain through spallation, i.e. the break up of a primary cosmic-ray particle j resulting
into a secondary cosmic-ray particle i, (viii) a cosmic-ray source term, representing
the injection of new cosmic-ray particles into the interstellar medium by cosmic-ray
sources such as supernova remnants.

The various ingredients of the transport equation, such as densities and diffusion
coefficients, vary throughout the Galaxy. To model these variations numerical simu-
lations need to be performed, such as with the GALPROP [848] and DRAGON codes
[373]. Another approach often used is simplifying (11.5) by assuming a steady state
cosmic-ray density (∂ni/∂ t = 0) and assuming that the diffusion and advection of cos-
mic rays can be approximated by an effective, energy-dependent, residence (or escape)



De reis van kosmische straling
• In de Melkweg is een zwak magneetveld (0.5 

nanoTesla/1 miljoenste aardmagneetveld) 
• De kosmische straling wordt afgebogen door dit 

magneetveld 
• Magneetveld enigszins chaotisch: 

• dus baan deeltjes ook chaotisch 
• Boven ~3x1018eV (“enkel”): deeltjes verdwijnen 

rechtstreeks uit Melkweg 
• Richting van waaruit deeltjes komen zegt niks over 

oorsprong 
• We hebben andere methode nodig om oorsprong te 

bepalen: 
• Gamma-straling 
• Neutrinos
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2H

R

Figure 11.3: Illustration of the leaky box model for cosmic-ray transport. The cosmic-
ray particles occupy a cylindrical volume (“the box”) with height 2H and radius R�H,
and diffuse within this volume for an average time tesc before escaping.

mean free path, lmfp, of the particles can be as small as the gyroradius. This situa-
tion is referred to as Bohm diffusion. More generally the diffusion coefficient is often
parametrised using the gyroradius:

D =
1
3

lmfpv =
1
3

hrgbc, (11.3)

with h the parametrisation factor, h = 1 indicating Bohm diffusion. Since the gyro-
radius scales with the rigidity, another parametrisation for D that is often employed
is

D(R) = D0

✓
R
R0

◆d
, (11.4)

with d typically found to be 0.3 . d . 0.7 [1084]. Note that a constant (rigidity/energy
independent) h corresponds to d = 1, whereas d = 1/3 corresponds to the Kolmogorov
spectrum of magnetic-field turbulence.

The magnetic-field irregularities themselves are caused by turbulence in the inter-
stellar medium (ISM), which itself is generated by energy input from, among oth-
ers, supernovae and stellar winds. The magnetic-field irregularities are associated
with Alfvén waves, or its close relative, magnetosonic waves (Chapter 4), with ve-
locities given by (4.19). The restoring force for Alfvén waves is the magnetic-field
pressure, which for typically Galactic values of B ⇡ 5 µG is PB = B2/(8p) ⇡ 1 ⇥
10�12 erg cm�3 = 0.6 eV cm�3. This is approximately equal to the local cosmic-ray
energy density/pressure in the Galaxy (Sect. 11.1.1). The gas pressure is also close to
the magnetic pressure. The similarities between these different pressure components
suggests a symbiotic relation between cosmic rays, gas and magnetic fields in the ISM,
resulting in near equipartition.

The overall distribution of cosmic rays in the Galaxy is governed by the cosmic-ray



Gammastraling

• Foton ~10% energie van deeltje

Remstraling
Elektronen:

pp

p

p

n

π+

π-

π0

Pionproduktie

Protonen/atoomkernen

Inverse compton verstrooiing



Gammastraling

• Pion-verval: 2 fotonen ieder heeft 1/2 energie E=mc2=135 MeV 
• Maar pion heeft veel energie en beweegt bijna met lichtsnelheid: 

• foton dat onze richting uitgaat heeft deel totale energie pion

1.4. PION PRODUCTION AND DECAY 23

Figure 1.12: Schematic illustration on the built-up of a pion-decay g-ray spectrum.
Left: For a given p0 energy the photon distribution is flat, and symmetric in logarithmic
energy around logmp0c

2/2 (1.69). Right: The spectral-energy diagram shows that the
energy output is skewed toward high energies. The pions are assumed to have a power-
law distribution µ E

�2 between 107 and 1014 eV.

with X ⌘
q

1+b
1�b . We see, therefore, that logarithmically the photon energy distribu-

tion dNg/dE is flat and symmetrically distributed in logarithmic energies in the inter-
val (� logX ,+ logX) around log(mp0c

2/2) [18]. Both the lowest and highest energy
photons are therefore produced by the highest energy pions. For b ! 1, G ! • the
maximum photon energy is Gmp0c

2, whereas the average photon energy is 1
2 Gmp0c

2.
Fig. 1.12 illustrates how the g-ray spectrum is built up from a superposition of flat g-
ray distributions each corresponding to a given primary pion energy. The addition of
these contributions results in a characteristic ”pion bump” at log(mp0c

2/2). The shape
of the bump is rather sharp here, as the input pion spectrum was not a very realistic
distribution, but just an abruptly terminated power-law distribution.

An approximation to (??) that is often used [e.g. 6] is the so-called d -approximation,
in which the simple approximation is made that

✓
dEcr

dEp0

dEp0

dEg

◆�1
=

dEg
dEcr

⇡ f . (1.71)

We have already seen that for a given pion energy the average g-ray photon energy is
0.5Ep0 (for very relativistic pions), and as calculated by [12] the average pion energy is
about 17% of the energy of the primary cosmic-ray proton. So f ⇡ 8%. However, one
sees that this discussion is about average photon energy, the median photon energy is
always 1

2 mp0c
2! However, for generating an approximate spectral energy distribution

one can use approximation (1.71), whereas for the multiplicity factor one can



Gamma straling
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13.6. PION PRODUCTION AND DECAY 389

Figure 13.24: The g-ray spectral energy distribution (solid line) expected from cosmic-
ray protons impacting on background protons, based on the paramterisations in [602].
The dotted line shows the input cosmic-ray energy distribution, assumed to be a power-
law in momentum (Sect. 11.2.2) with a cutoff energy of 300 TeV. The coloured lines
indicate the g-ray distribution for a single proton energy of 1 GeV, 1 TeV, 10 TeV,
and 1000 TeV, to illustrate the broad range of photon energies resulting from a given
cosmic-ray energy (normalised to a peak at 0.2), which are less angular than for the
d -approach in Fig. 13.23.



Detectie pion verval met Fermi satelliet



Atmosferische Cherenkov Telescopen

• 0.1-200 TeV foton: deeltjeskaskade in atmosfeer 
• Secundaire deeltje zorgen voor een heldere flits 

~nanoseconde (Cherenkovstraling) 
• Flits smaller dan door kosmische straling 
• Optische telescopen meten de flits en de richting: 

• Meet energie foton: helderheid 
• Richting: triangulatie 
• Voorbeelden: H.E.S.S., MAGIC, VERITAS
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Figure 12.16: The H.E.S.S. II imaging atmospheric telescope array in Namibia. The
original array (H.E.S.S.) consisted of the four 12 m telescopes. The fifth big telescope
(28 m) was added to extend the energy detection range down to 200 GeV. The config-
uration with five telescope is known as H.E.S.S. II. (Credit: Stefan Klepser, Desy &
H.E.S.S. collaboration.)

This is a good moment to clarify some often encountered nomenclature in g-ray
astronomy: The g-rays in the energy range from ⇠ 100 keV to about 30 MeV is often
referred to a medium-energy g-rays (or sometimes MeV g-rays). In this energy range
one can still expect the tail of synchrotron radiation from some sources, like Blazars
and pulsar wind nebulae (as explained for the Crab nebula, Sect. 6), as well as inverse
Compton scattering and bremsstrahlung. But medium-energy g-rays also may reveal
atomic nuclear lines, caused by radio-activity (e.g. 44Ti and 56Co, Sect. 2.4) or by
direct excitation of the nuclei by collisions with energetic particles, such as C, O, Ne
and Mg lines in the MeV region. The latter have been detected during solar flares [728],
but no unambiguous detections of from line emission from the interstellar medium or
Galactic sources has been obtained. Photons with energies in the range from 30 MeV to
100 GeV are often referred to as high-energy (HE) g-rays (or sometimes less precisely
GeV g-rays). This is the range covered by the Fermi-LAT instrument, and it covers
the “pion bump” discussed in Sect. 13.6. Photons in the energy range from 100 GeV
to 100 TeV are often referred to as very-high-energy (VHE) g-rays, or TeV g-rays.
There is no sharp boundary between these g-ray regimes, except that VHE g-rays are
detected using IACTs, whereas HE are detected with space-based instruments, with
some overlap between the two detection methods.

12.3.2 Hadronic versus leptonic emission
Although g-ray observations provide currently the only means to gauge the hadronic
cosmic-ray content of supernova remnants, firmly establishing the presence of hadronic
cosmic rays, and the total cosmic-ray energy in supernova remnants has proven to be
difficult, and has often lead to strong debates.

The reason is that g-ray emission can be caused by both hadronic processes (pion
production) and leptonic radiation mechanisms (inverse Compton scattering and brems-
strahlung). The broad g-ray spectral energy distribution (SED) for inverse Compton
scattering dominated spectra and pion-decay dominated spectra are quite different. As-

H.E.S.S 



Atmosferische Cherenkov Telescopen



Voorbeelden TeV bronnen
Centaurus A

Jet in Centaurus A veroorzaakt 
door superzwaar zwart gat

Een supernovarest van ~1700 jaar oud op ca. 3000 
lichtjaar afstand. 
> 2 TeV straling: deeltjes met >20 TeV aan energie



Supernovarest Cassiopeia A

• Cassiopeia A: een krachtige supernovarest 
• Spektrum: duidelijk veroorzaakt door pionen 
• Raadsel: fotonen niet energetische genoeg om de “knie” te verklaren

Cassiopeia A

Deep observations of Cas A with MAGIC indicate it is no PeVatron D. Guberman
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Figure 1: Spectral energy distribution measured by the MAGIC telescopes (black dots) and Fermi (blue

squares). The red solid line shows the result of fitting the MAGIC spectrum with Eq. 3.1. The black solid

line is the broken power-law fit applied to the Fermi spectrum.

with a normalisation constant N0 = (1.1± 0.1stat ± 0.2sys)× 10−11 TeV−1cm−2s−1 at a nor-

malisation energy E0 = 433 GeV, a spectral index Γ = 2.4± 0.1stat ± 0.2sys and a cut-off energy

Ec = 3.5
(

+1.6
−1.0

)

stat

(

+0.8
−0.9

)

sys
TeV. The spectral parameters of the tested models θ = {N0,Γ,Ec} are

obtained via a maximum likelihood approach. The probability of the EPWL fit is 0.42. We tested

the model against the null hypothesis of no cut-off, which is described with a pure power-law

(PWL). The probability of the PWL fit is 6×10−4. A likelihood ratio test between the two tested

models favours the one that includes a cut-off at ∼ 3.5 TeV with 4.6σ significance.

For the Fermi-LAT analysis, a broken power-law function with normalisation No = (8.0 ±

0.4)×10−12 TeV−1cm−2s−1, indices Γ1 = 0.90±0.08 and Γ2 = 2.37±0.04 is obtained.

The systematic uncertainty due to an eventual mismatch on the absolute energy scale between

MAGIC data and MC simulations was constrained to be below 15% in [27]. By conservatively

modifying the absolute calibration of the telescopes by ±15%, and re-doing the whole analysis, we

can evaluate the effect of this systematic uncertainty in the estimated source spectrum. This does

not produce a simple shift of the spectrum along the energy axis, but changes also its hardness.

Even in the unlikely scenario in which, through the 158 h of observations, the average Cherenkov

light yield was overestimated by 15% relative to the MC, by applying the corresponding correction

the resulting spectrum is still better fit by an EPWL at the level of 3.1σ . In the scenario in which

the light yield was underestimated in average by 15%, the EPWL is preferred over the PWL at

the 6.5σ level. The systematic uncertainties in the flux normalization and spectral index during

moonlight observations were reported in [28].

4



LHAASO

• LHAASO is een kosmische straling/gamma-straling detector 
• Gebruikt watertanks die deeltjes op de grond meten 
• Kan 24/7 detecteren 
• Detectie 100-1000 TeV fotonen uit Melkweg: 

stervormingsgebieden 
• Sterwinden ipv supernovaresten?

Article

Extended Data Fig. 4 | LHAASO sky map at energies above 100 TeV. The circles indicate the positions of known very-high-energy γ-ray sources.
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be realized in a scenario in which the accelerated particles have left 
their acceleration site (for example, a supernova remnant) and have 
entered nearby high-density clouds15. The energy spectrum of protons 
approaching the clouds depends not only on the initial (acceleration) 
spectrum but also on the propagation (energy-dependent) timescales 
of CRs and on the distances to the clouds. Therefore, one may indeed 
expect unusual energy distributions of CRs inside the clouds16. In this 
scenario, the middle-aged supernova remnant SNR G40.5-0.5, over-
lapping with the image of LHAASO J1908+0621, could play the role 
of the particle accelerator. It is too old to be a multi-teraelectronvolt 
γ-ray emitter itself, but CR protons and nuclei accelerated at the early 
epochs of this supernova remnant can initiate high-energy emis-
sion in the surrounding clouds. If confirmed, this would be the first 
strong evidence of acceleration of petaelectronvolt protons by an 
supernova remnant.

Although supernova remnants remain prime candidates as sup-
pliers of Galactic CRs, massive stars with powerful winds have been 
proposed as a viable alternative to supernova remnants17,18, primarily as 
contributors to the ‘knee’ region around 1 PeV. A preference for young 
massive star clusters as proton PeVatrons over supernova remnants 
has recently been argued in the context of the 1/r-type (where r is the 
distance from the cluster) spatial distributions of parent protons, 
derived from the observations of extended teraelectronvolt γ-ray 
sources associated with luminous stellar clusters, in particular with 
Cygnus OB219. The positional coincidence of LHAASO J2032+4102 
with the Cygnus Cocoon that surrounds Cygnus OB2, and with pho-
tons exceeding 1 PeV emitted from it, can be treated as evidence of 
the operation of massive stars as hadronic PeVatrons. The leptonic 
(inverse Compton) origin of radiation can be excluded because of the 
lack of brightening of the γ-ray image towards Cygnus OB2. A decisive 
test for the acceleration of protons, presumably via collisions of the 
stellar winds, and continuous injection into the circumstellar medium 
over million-year timescales, would be the derivation of hard injec-
tion spectra and a radial dependence of the density of UHE protons. 
Adequate photon statistics provided by LHAASO for spectrometric 

and morphological studies of this object, which is located in a rather 
complex region crowded by several competing sources, is foreseen 
for the coming 1–2 years.

Regardless of the nature of objects associated with the UHE sources, 
the photons detected by LHAASO far beyond 100 TeV prove the exist-
ence of Galactic PeVatrons. Moreover, it is likely that the Milky Way is 
full of these perfectly designed particle accelerators. The acceleration 
of protons to petaelectronvolt energies requires extreme physical 
conditions, representing a challenge for any Galactic source popula-
tion, including supernova remnants and young massive star clusters, 
as suspected major contributors to Galactic CRs. Pulsar wind nebu-
lae as potential (in fact, the only feasible) electron PeVatrons in our 
Galaxy require even more extreme theoretical speculations. The 12 
UHE sources reported here, detected at about 1 CU, reveal only the 
tip of the iceberg. In the coming years, observations with LHAASO will 
reduce the flux detection threshold by at least an order of magnitude. 
This will dramatically increase the number of UHE sources and, at the 
same time, provide high-quality energy spectra and the morphology of 
UHE sources in the flux range of 1 CU. Extension of the spectra without 
an indication of a cutoff beyond several petaelectronvolts would not 
only robustly identify the hadronic origin of the UHE γ radiation but, 
more importantly, would reveal the sites of super-PeVatrons, the CR 
factories in the Milky Way responsible for the locally observed flux of 
CRs well above the ‘knee’.

Online content
Any methods, additional references, Nature Research reporting sum-
maries, source data, extended data, supplementary information, 
acknowledgements, peer review information; details of author contri-
butions and competing interests; and statements of data and code avail-
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1. Aloisio, R., Coccia, E. & Vissani, F. (eds) Multiple Messengers and Challenges in 
Astroparticle Physics (Springer, 2018).

101 102 103

Energy (TeV)

101 102 103

Energy (TeV)

101 102 103

Energy (TeV)

10–11

10–12

10–13

10–14

 E
2 d
N

/d
E 

(e
rg

 c
m

–2
 s

–1
)

LHAASO J2226+6057

334 336 338 340
Right ascension (°) 

59

60

61

62

63

0

5

10

15

20

LHAASO J1908+0621

285 286 287 288 289
Right ascension (°) 

5

6

7

8

 D
ec

lin
at

io
n 

(°
)

 D
ec

lin
at

io
n 

(°
)

 D
ec

lin
at

io
n 

(°
)

0

5

10

15

20

LHAASO J1825-1326

275 276 277 278
Right ascension (°) 

–15

–14

–13

–12

0

5

10

15

20

Fig. 1 | Spectral energy distributions and significance maps. a–c, Data are 
shown for LHAASO J2226+6057 (a), LHAASO J1908+0621 (b), and LHAASO 
J1825-1326 (c). Spectral fits with a log-parabola function (solid lines) in the form 
of [E/(10 TeV)]−a − blog[E/(10 TeV)] are compared with the power-law fits E−Γ for: a = 1.56, 
b = 0.88 and Γ = 3.01 (a); a = 2.27, b = 0.46 and Γ = 2.89 (b); and a = 0.92, b = 1.19 
and Γ = 3.36 (c). The dotted curves correspond to the log-parabola fits 
corrected for the interstellar γ−γ absorption (see Methods for the radiation 
fields and Extended Data Fig. 6 for the opacity curves). The comparison of the 
power-law (PL) model and the log-parabola (LOG) model with the Akaike 
Information Criterion20 (AIC) gives: AICLOG = 12.3 and AICPL = 24.4 for LHAASO 
J2226+6057; AICLOG = 15.1 and AICPL = 30.1 for LHAASO J1908+0621; and 

AICLOG = 11.6 and AICPL = 14.8 for LHAASO J1825-1326. The insets show the 
significance maps of the three sources, obtained for γ-rays above 25 TeV. The 
colour bars show the square root of test statistics (TS), which is equivalent to 
the significance. The significance ( TS) maps are smoothed with the 
Gaussian-type point spread function (PSF) of each source. The size of PSFs (68% 
contamination regions) are shown at the bottom right of each map. We note 
that the PSFs of the three sources are slightly different owing to different 
inclination angles. Namely, the 68% contamination angles are 0.49° for 
LHAASO J2226+6057, 0.45° for LHAASO J1908+0621 and 0.62° for LHAASO 
J1825-1326. Error bars represent one standard deviation.
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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 a↵ect this plot. Solid lines are for neutrinos, dashed or dotted lines for
antineutrinos, superimposed dashed and solid lines for sources of both ⌫ and ⌫. The fluxes from BBN, the Earth, and reactors
encompass only antineutrinos, the Sun emits only neutrinos, whereas all other components include both. The CNB is shown for
a minimal mass spectrum of m1 = 0, m2 = 8.6, and m3 = 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 � as a function of energy; line sources in units of cm�2 s�1. Bottom panel: Neutrino
energy flux E ⇥ � as a function of energy; line sources in units of eV cm�2 s�1.

Biggio et al., 2009; Ohlsson, 2013), spin-flavor oscillations
by large nonstandard magnetic dipole moments (Ra↵elt,
1990; Haft et al., 1994; Giunti and Studenikin, 2015), de-
cay and annihilation into majoron-like bosons (Schechter
and Valle, 1982; Gelmini and Valle, 1984; Beacom et al.,
2003; Beacom and Bell, 2002; Denton and Tamborra,
2018b; Funcke et al., 2020; Pakvasa et al., 2013; Pagliaroli
et al., 2015; Bustamante et al., 2017), for the CNB large
primordial asymmetries and other novel early-universe
phenomena (Pastor et al., 2009; Arteaga et al., 2017), or
entirely new sources such as dark-matter decay (Barger

et al., 2002; Halzen and Klein, 2010; Fan and Reece, 2013;
Feldstein et al., 2013; Agashe et al., 2014; Rott et al.,
2015; Kopp et al., 2015; Boucenna et al., 2015; Chianese
et al., 2016; Cohen et al., 2017; Chianese et al., 2019; Es-
maili and Serpico, 2013; Bhattacharya et al., 2014; Higaki
et al., 2014; Fong et al., 2015; Murase et al., 2015) and an-
nihilation in the Sun or Earth (Srednicki et al., 1987; Silk
et al., 1985; Ritz and Seckel, 1988; Kamionkowski, 1991;
Cirelli et al., 2005). We will usually not explore such
topics and rather stay in a minimal framework which of
course includes normal flavor conversion.



Terug naar neutrino’s

• Botsingdoorsnede:  
• hoe kleiner hoe minder kans op een “interactie” 
• geen “interactie” geen detectie!

accurately calculated to many orders. As such, our goal in this
review is essentially already complete: we would simply write
down the electroweak Lagrangian and we would be finished.
Of course, in practice this is very far from the truth. As with
many other disciplines, many factors compound our simple
description, including unclear initial-state conditions, subtle-
but-important nuclear corrections, final-state interactions, and
other effects. One quickly finds that theoretical approximations
which work well in one particular energy regime completely
break down elsewhere. Even the language used in describing
certain processes in one context may seem completely foreign
in another. Previous neutrino experiments could avoid this
issue by virtue of the energy range in which they operated;
now, however, more experiments find themselves ‘‘crossing
boundaries’’ between different energy regimes. Thus, the need
for understanding neutrino cross sections across many decades
of energy is becoming more imperative. To summarize our
current collective understanding, this work provides a review of
neutrino cross sections across all explored energy scales. The
range of energies covered, as well as their relevance to various
neutrino sources, is highlighted in Fig. 1. We first establish the
formalism of neutrino interactions by considering the simplest
case of neutrino-electron scattering. Our focus will then shift to
neutrino interaction cross sections at low (1–100 MeV), inter-
mediate (0.1–20 GeV), high (20–500 GeV), and ultrahigh
(0.5 TeV–1 EeV) energies, emphasizing our current theoretical
and experimental understanding of the processes involved.
Though it may be tempting to interpret these delineations as
hard and absolute, they are only approximate in nature, meant
as a guide for the reader.

II. A SIMPLE CASE: NEUTRINO-LEPTON SCATTERING

A. Formalism: Kinematics

We begin with the simplest of neutrino interactions,
neutrino-lepton scattering. As a purely leptonic interaction,

neutrino-lepton scattering allows us to establish the formal-
ism and terminology used through the paper, without intro-
ducing some of the complexity that often accompanies
neutrino-nuclear scattering. The general form of the two-
body scattering process is governed by the dynamics of the
process encoded in the matrix elements and the phase space
available in the interaction. Figure 2 shows the tree-level
diagram of a neutrino-lepton charged current interaction,
known as inverse muon decay. A muon neutrino with four-
momentum p! (aligned along the z direction) scatters in this
example with an electron with four-momentum pe, which is
at rest in the laboratory frame. This produces an outgoing
muon with four-momentum k" and a scattered electron neu-

trino with four-momentum ke. In the laboratory frame, the
components of these quantities can be written as

p! ¼ ðE!; ~p!Þ; k" ¼ ðE"; ~k"Þ;
pe ¼ ðme; 0Þ; ke ¼ ðEe; ~keÞ:

Here we use the convention of the zeroth component corre-
sponding to the energy portion of the energy-momentum

vector, with the usual energy-momentum relation E2
i ¼

j ~kj2i þm2
i . From these four-vector quantities, it is often useful

to construct new variables which are invariant under Lorentz
transformations:

s ¼ ðp! þ peÞ2 ðcenter of mass energyÞ;
Q2 ¼ %q2 ¼ ðp! % k"Þ2 ð4-momentum transferÞ;

y ¼ pe & q
pe & p!

ðinelasticityÞ:

In the case of two-body collisions between an incoming
neutrino and a (stationary) target lepton, the cross section is
given in general by (ℏ ¼ c ¼ 1) (Berestetskii, Lifshitz, and
Pitaevski, 1974),

FIG. 1 (color online). Representative example of various neutrino sources across decades of energy. The electroweak cross section for
!!ee

% ! !!ee
% scattering on free electrons as a function of neutrino energy (for a massless neutrino) is shown for comparison. The peak at

1016 eV is due to the W% resonance, which we discuss in greater detail in Sec. VII.
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IceCube & KM3NeT
• Tot voor kort:  

• detectie van MeV neutrino’s 
• zon en supernova’s (SN1987A)  

• Laatste ~20 jaar: detectie neutrinos > 10 TeV 
• Botsingsdoorsnede groter (fijn!) 
• Maar het aantal neutrino’s per seconde is laag! 
• Je hebt een hele grote detector nodig: volume ~ km3 

• Belangrijkste doel: de bronnen van (extra)galactische kosmische straling 
• Belangrijste hindernissen: 

• weinig detecties 
• atmosferische neutrino’s



IceCube

• Principe: neutrino interactie → muonen/elektronenspoor → Cherenkov straling 
• Nodig: neutrino interactie zeldzaam: groot volume, helder medium en donker! 
• IceCube (US + partners):  

• gebruik helder ijs op de Zuidpool 
• laat gevoelige detectoren aan draden in het ijs zakken



KM3NeT

• Europees project (o.a. Nikhef NL) in aanbouw 
• Gebruik helder water diep in de Middellandse Zee 

• Voordeel: water helderder dus betere detectie en richtings bepaling neutrinos 
• Nadeel: bacteriën en algen produceren bioluminscentie 

• Drie locaties



IceCube resultaten

• Flux van hoge energie neutrinos boven 
atmosferische “achtergrond” 

• Geen duidelijke bronnen 
• mogelijk detectie van een blazar (jet 

vanuit superzwaar zwart gat) 
• moeilijkheid:  

• nauwkeurigheid richting >graad 
• weinig neutrinos 

• Toekomst:  
• IceCube wordt groter 
• KM3NeT heeft betere richtingsbepaling

(a) HESE veto layer (b) HESE reults

Figure 1.1.: (a) Sketch of the In-Ice IceCube detector, showing the veto region of the HESE
analysis as a grey shaded area. Events producing first light in the veto region were discarded
as entering tracks and are not considered in the analysis. The shaded region in the middle
contains ice of high dust concentration. (b) Results of the HESE analysis as a function
of reconstructed energy. Observed data is shown in black, atmospheric muon and neutrino
background in red and blue. An excess of 28 events was found over a background of 10.6+5.0

≠3.6
events from atmospheric muons and neutrinos [15].

anisotropies or even into point sources will be one of the main challenges for IceCube.
So far no point sources have been discovered with IceCube, but the measurement of
the first astrophysical neutrinos motivates additional searches.
IceCube has completed di�erent point source searches, including an energy-dependent
likelihood point source search scanning the full sky [18], as well as searches for flaring
and periodic neutrino emission [19]. Additionally there are searches for di�use neutrino
emission looking for deviations in the two dimensional distribution of energy and zenith
angle [20]. Point source searches are most sensitive for finding individual sources of
astrophysical neutrinos among the background of atmospheric events. Di�use searches,
on the other hand, are most sensitive for detecting within this background the presence
of high-energy astrophysical neutrinos throughout the sky, without identifying individ-
ual sources. In between these two scenarios is the possibility that many weak sources
exist. These could contribute to the detected di�use signal and create a small number
of events clustering on the background event distribution, while the individual clusters
remain too weak to be detected by the point source searches. This work targets such
small-scale event clustering and three di�erent searches will be presented. All use a
two-point-correlation (2-pt) function but aim at di�erent regions of the sky.

The main part of this thesis covers these three analyses. The first search presented is a
2-pt analysis of the full sky and was initially applied in this configuration on IceCube
data. This results have been published in [21]. The second search targets the Cygnus
region and is updating a previous result. The third search opens a complete new
analysis technique in using IceCube’s own events for triggering. In the self-triggered
flare search, the 28 events obtained in the search described above are used as such a

3



Conclusie

• Deeltjes als kosmische straling en neutrinos geven ons een andere kijk op de 
processen die zich afspelen in zeer energierijke objecten zoals supernovaresten en 
jets van superzware zwarte gaten 

• Kosmische straling wijst niet terug naar de bronnen: 
• gammastraling en neutrinos veroorzaakt in de bron nodig 

• Zwaartekrachtsstraling vormt het laatst ontgonnen perspectief op het heelal: sinds 
2015 ontdekking vele versmeltende zwarte gaten en neutronensterren


