
Exam Astroparticle Physics

Master Physics and Astronomy June 2021

The course was taught by prof. Dirk Ryckbosch (UGent) and prof. Stijn Buitink (VUB).

They each gave you an article related to a subject from the class. You got 10-15 minutes

to prepare for an article, then about 15-20 minutes for the exam itself and then you went

on to the other professor. Articles are included by link or at the end after the questions.

Student 1 (11/06)

Stijn Buitink:

Article: from BBC, about the Xenon1 experiment that had found an excess

Questions: about axions, wimps, direct detection (solar modulation) and so on

Dirk Ryckbosch:

Article: about 60Fe and how it is accelerated

Questions: about Fermi acceleration, random walk, spallation, ACE detector (why is it

in the air and not on the ground? → mass information is lost once the particle hits the

atmosphere) and so on

Student 2 (11/06)

Stijn Buitink:

Article: Dark matter hunt yields unexplained signal (or see below if the link doesn’t work)

Questions: Why are WIMPs such attractive candidates? How do we get to axions?

Detour to inflation: Why do we need inflation? What does it do? How does the inflaton

field work? How does it lead to the formation of structure?

Dirk Ryckbosch:

Article: Observation of the 60Fe nucleosynthesis-clock isotope in galactic cosmic rays

Student 3 (21/06)

Dirk Ryckbosch:

Article: Searches for neutrinos from cosmic-ray interactions in the Sun using seven years

of IceCube data

Questions: Start by explaining some of the things you notice in the article connected to

the materials of the course (e.g. neutrino creation mechanism in the earth atmosphere).

Why does the article say the creation of neutrinos and gamma rays are linked? Where
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https://www.bbc.com/news/science-environment-53085260


else (than in the sun and earth atmospheres) do you expect neutrinos and gamma rays to

be produced? (supernovae) What is special about the spectrum of these particles? (power

law instead of thermal spectrum) Up to what energies can supernovae accelerate these

particles/ can the galaxy contain these particles? How long can the galaxy contain these

particles and why? What produces the particles with even higher energies that we see?

Other than the sun and the earth atmospheres, what produces high energy neutrinos?

(AGNs, ...) How does IceCube detect neutrinos? What are the main backgrounds in

IceCube?

Stijn Buitink:

Article: Dark matter hunt yields unexplained signal

Questions: First give a short recap of the article. What are axions? What are the main

detection strategies for dark matter particles? Do you expect the annual modulation here?

Why are axions considered as DM candidates if neutrinos are not due to being too light,

when axions are even lighter? What are WIMPS? Explain the picture in the middle of the

article, why is this evidence for dark matter?

Student 4 (21/06)

Stijn Buitink:

Article: Dark matter hunt yields unexplained signal

Dirk Ryckbosch:

Article: 260 B. KLECKER, R.A. MEWALDT, ET AL.

Student 5 (21/06)

Stijn Buitink:

Article: Dark matter hunt yields unexplained signal

Dirk Ryckbosch:

Article: Detection of very high-energy gamma-rays from GRBs

Student 6 (21/06)

Stijn Buitink:

Article: Dark matter hunt yields unexplained signal

Dirk Ryckbosch:

Article: Indications of intermediate-scale anisotropy of cosmic rays with energy greater
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than 57 EeV in the northern sky measured with the surface detector of the Telescope

Array experiment

Articles

3











Observation of the 60Fe nucleosynthesis-clock isotope in 
galactic cosmic rays 
Science  06 May 2016: 
Vol. 352, Issue 6286, pp. 677-680 
DOI: 10.1126/science.aad6004  
Abstract 
Iron-60 (60Fe) is a radioactive isotope in cosmic rays that serves as a clock to infer an 
upper limit on the time between nucleosynthesis and acceleration. We have used the 
ACE-CRIS instrument to collect 3.55 × 105 iron nuclei, with energies ~195 to ~500 
mega–electron volts per nucleon, of which we identify 15 60Fe nuclei. The 60Fe/56Fe 
source ratio is (7.5 ± 2.9) × 10−5. The detection of supernova-produced 60Fe in cosmic 
rays implies that the time required for acceleration and transport to Earth does not 
greatly exceed the 60Fe half-life of 2.6 million years and that the 60Fe source distance 
does not greatly exceed the distance cosmic rays can diffuse over this time, ⪍1 
kiloparsec. A natural place for 60Fe origin is in nearby clusters of massive stars. 

Signature of recent nucleosynthesis 
The radioactive isotope 60Fe [which decays by β– decay with a half-life of 2.62 × 
106 years (1)] is expected to be synthesized and ejected into space by supernovae, 
and thus could be present in galactic cosmic rays (GCRs) near Earth, depending 
upon the time elapsed since nucleosynthesis and the distance of the 
supernovae. 60Fe is believed to be produced primarily in core-collapse supernovae of 
massive stars with mass M > ~10 solar masses (M☉), which occur mostly in 
associations of massive stars (OB associations). It is the only primary radioactive 
isotope with atomic number Z ≤ 30 [with the exception of 59Ni, for which only an 
upper limit is available (2)] produced with a half-life long enough to potentially 
survive the time interval between nucleosynthesis and detection at Earth. (Primary 
cosmic rays are those that are synthesized at the GCR source, as opposed to 
secondary cosmic rays, which are produced by nuclear interactions in the interstellar 
medium.) 60Fe is difficult to measure with present-day instruments because of its 
expected extreme rarity, based on nucleosynthesis calculations for supernovae 
(3, 4). The detection of 60Fe in cosmic rays would be a clear sign of recent, nearby 
nucleosynthesis. The long period of data collection (17 years) achieved by the 
Cosmic Ray Isotope Spectrometer (CRIS) aboard NASA’s Advanced Composition 
Explorer (ACE) (5), the excellent mass and charge resolution of the CRIS instrument, 
and its capability for background rejection have enabled us to detect 60Fe. 

60Fe has been detected in other samples of matter. Measurements of diffuse γ-rays 
from the interstellar medium (ISM) by the spectrometer on the International Gamma-
Ray Astrophysics Laboratory (INTEGRAL) spacecraft have revealed line emission at 
1173 and 1333 keV from 60Co, the daughter product of 60Fe decay, clear evidence that 
“nucleosynthesis is ongoing in the galaxy” (6). As expected, this emission is diffuse 
instead of point-like, since the 60Fe lifetime is sufficiently long to allow it to diffuse 
over distances that are large compared to the size of a supernova remnant. This is 
one of many strong connections between γ-ray astronomy and direct cosmic-ray 
studies (7). 



Searches	for	neutrinos	from	cosmic-ray	
interactions	in	the	Sun	using	seven	years	
of	IceCube	data	 
Journal reference: JCAP02(2021)025 
DOI: 10.1088/1475-7516/2021/02/025 

1	Introduction	 

Neutrinos	can	be	produced	as	a	result	of	cosmic-ray	interactions	in	the	solar	atmosphere.	
Cosmic	rays	interact	with	nuclei	in	the	solar	atmosphere,	producing	particle	showers	including	
pions	and	kaons.	The	decays	of	these	mesons	produce	so	called	“Solar	Atmospheric	Neutrinos”	
(SAνs).	Theoretical	flux	predictions	of	SAνs	and	detailed	process	discussions	have	been	given	in	
[1–8].	The	neutrino	production	process	in	the	solar	atmosphere	is	similar	to	that	of	the	
terrestrial	atmospheric	neutrinos,	with	the	notable	difference	that	mesons	generated	in	the	
solar	atmosphere	tend	to	decay	before	they	can	re-interact	or	lose	a	significant	fraction	of	their	
energy,	due	to	the	larger	and	thinner	atmosphere.	As	a	result,	the	neutrino	spectrum	from	the	
solar	atmosphere	is	expected	to	be	harder	compared	to	that	from	the	Earth,	where	the	spectrum	
is	steepened	due	to	interactions	of	the	secondary	mesons,	see	e.g.	[9].	This	difference	makes	the	
spectra	distinguishable	and	is	used	as	a	main	criteria	in	our	search	for	the	SAν	flux.	A	search	for	
solar	atmospheric	neutrinos	has	never	been	experimentally	performed	and	this	work	is	the	first	
of	its	kind.	 

The	production	process	of	SAνs	is	closely	connected	to	that	of	gamma-rays	through	the	decays	
of	neutral	pions	and	other	mesons.	Evidence	for	solar	gamma	rays	was	first	reported	in	a	re-
analysis	of	EGRET	data	[10].	Recently,	the	Fermi-LAT	Collaboration	reported	the	ob-	servation	
of	a	steady	gamma-ray	emission	from	the	solar	disk	with	energies	up	to	10	GeV	[11].	 

In	addition	to	the	solar	disk	emission	predominantly	due	to	neutral	pion	decays	from	cosmic-
ray	interactions	in	the	solar	atmosphere,	an	extended	inverse	Compton	signal	from	cosmic-ray	
electron	interactions	with	the	solar	photon	field	was	also	observed.	A	follow-	up	analysis	on	the	
solar	disk	emission	based	on	six	years	of	public	Fermi-LAT	data	has	shown	that	the	energy	
spectrum	extends	beyond	100	GeV	and	anticorrelates	with	the	solar	activity	[12].	This	was	
confirmed	with	an	extended	nine	year	analysis	[13].	The	magnetic	field	near	the	Sun	is	complex	
and	strongly	time-dependent.	Gamma-ray	production	is	expected	to	be	significantly	enhanced	
above	10	GeV	in	case	of	a	more	intense	magnetic	field.	However,	the	effects	on	the	neutrino	
production	are	found	to	be	negligible	[14].	Further,	the	observed	gamma-ray	spectrum	shows	a	
potential	dip	[15]	and	points	to	an	inhomogeneous	emission	between	the	equatorial	plane	and	
the	polar	region	of	the	Sun	[13].	Unexpectedly,	the	observed	gamma-ray	flux	is	about	six	times	
higher	[12,	13]	than	theoretical	predictions	[1].	The	High	Altitude	Water	Cherenkov	(HAWC)	
gamma-ray	observatory	has	searched	for	gamma	rays	beyond	the	energies	accessible	by	Fermi-
LAT.	HAWC	reported	no	evidence	of	TeV	gamma-	ray	emission	in	three	years	data	and	has	set	
flux	bounds	[16].	The	recent	observation	of	gamma-ray	emission	from	the	Sun	makes	the	search	
for	solar	atmospheric	neutrinos	very	timely.	The	combined	gamma-ray	and	neutrino	data	are	
expected	to	be	vital	to	understand	the	solar	atmospheric	processes	and	cosmic-ray	transport	in	
the	inner	solar	system	[1,	17].	 
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1. Introduction 
R.A. Mewaldt, B. Klecker, and A.C. Cummings 
 
During the twenty five years since the discovery of anomalouscosmic rays (ACR) 
there has been enormous progress in delineating their observed properties and in 
deducing the processes bywhich they originate (see e.g., reviews by Biswas et al., 
1993; Klecker, 1995; and Simpson, 1995). As a result of this progress it is now 
firmly established that the bulk of ACRs result from interstellar neutrals that have 
been swept into the heliosphere and ionized to become pickup ions (Fisk et al., 
1974). These pickup ions are then convectedinto the outer heliosphere, where they 
are accelerated to energies of 1 to 100 MeV/nuc, presumably at the solar wind 
termination shock (Pesses et al., 1981). The ACR component is now generally 
agreed to include the elements H, He, C, N, O, Ne, and Ar. 
A number of observations have now verified key aspects of this basic picture. 
The composition of solar wind pickup ions has been measured directly (e.g. Geiss 
et al., 1994, and references therein), and neutral interstellar He was observed 
streaming into the heliosphere (Witte et al., 1993). It has also been demonstrated 
that the bulk of ACRs are singly-charged (Adams et al., 1991;Klecker et al., 1995), 
which distinguishes them from other particle components such as solar energetic 
particles (SEP) and galactic cosmic rays (GCR). 
During the past several years of solar minimum conditions several new obser- 
vations have intensified interest in ACRs, and raised a number of new questions 
about their origin. In the outer heliosphere the spectra of ACR He and O are unfold- 
ing with time and/or distance and the evolving spectral shapes have been used to 
estimate the location and strength of the termination shock (Cummings and Stone, 
1996). Observations by SAMPEX have shown that at energies 20 MeV/nuc most 
ACRs are no longer singly charged as at lower energies ( 16 MeV/nuc); rather, 
they have charge states of 2, 3 and higher (Mewaldt et al., 1996b), which 
has implications for the nature of the acceleration process (Jokipii, 1996). In addi- 
tion, Ulysses data haveshown that there are apparently additional sources of pickup 
ions, at least in the innerheliosphere (Geiss etal., 1995), andthere is evidence from 
Wind and Geotail for an enhancement in the low-energy sulfur spectrum similar to 
that of ACR species (Reames et al., 1996; Takashima et al., 1997). 
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INDICATIONS OF INTERMEDIATE-SCALE ANISOTROPY OF COSMIC RAYS WITH 
ENERGY GREATER THAN 57 EeV IN THE NORTHERN SKY MEASURED WITH THE 
SURFACE DETECTOR OF THE TELESCOPE ARRAY EXPERIMENT 
 
Received 2014 April 25; accepted 2014 June 26; published 2014 July 14 
ABSTRACT 
We have searched for intermediate-scale anisotropy in the arrival directions of ultrahigh-energy cosmic 
rays with energies above 57 EeV in the northern sky using data collected over a 5 yr period by the 
surface detector of the Telescope Array experiment. We report on a cluster of events that we call the 
hotspot, found by oversampling using 20◦ radius circles. The hotspot has a Li-Ma statistical 
significance of 5.1σ, and is centered at R.A. = 146. ◦ 7, decl. = 43. ◦ 2. The position of the hotspot is 
about 19◦ off of the supergalactic plane. The probability of a cluster of events of 5.1σ significance, 
appearing by chance in an isotropic cosmic-ray sky, is estimated to be 3.7 °ø 10−4 (3.4σ). 
 

 
 
5. DISCUSSION 
There are no known specific sources behind the hotspot. The hotspot is located near the supergalactic 
plane, which contains local galaxy clusters such as the Ursa Major cluster (20 Mpc from Earth), the 
Coma cluster (90 Mpc), and the Virgo cluster (20 Mpc). The angular distance between the hotspot 
center and the supergalactic plane in the vicinity of the Ursa Major cluster is ∼ 19◦ . Assuming the 
hotspot is real, two possible interpretations are that it may be associated with the closest galaxy groups 
and/  or the galaxy filament connecting us with the Virgo cluster (Dolag et al. 2004 ); or, if cosmic rays 
are heavy nuclei, they may originate close to the supergalactic plane and be deflected by extragalactic 
magnetic fields and the galactic halo field (Tinyakov & Tkachev 2002 ; Takami et al. 2012 ). To 
determine the origin of the hotspot,wewill need greaterUHECR statistics in the northern sky. Better 
information about the mass composition of the UHECRs, GMF, and IGMF would also be important.  


