
https://apod.nasa.gov/apod/ap180716.html

Ralph Engel und Markus Roth 
Übungsleiter David Schmidt

Institut für Kernphysik 
Markus.Roth@kit.edu

Astroteilchenphysik II: 
Gamma-Astronomie

mailto:Markus.Roth@kit.edu?subject=


2



5 Zusammenfassung

Es hat sich also gezeigt, dass das Feld der kosmischen Strahlung eine stetige Entwicklung durch-
läuft und große Fortschritte während der letzten Jahrzehnte erzielt hat. Es gibt mittlerweile viele
etablierte Detektionsmethoden, die gute Ergebnisse liefern und damit einen wichtigen Teil zu un-
serem Verständnis der Welt beitragen, doch gibt es ebenso viele Techniken, die sich noch in der
Entwicklung befinden.

Ein nach wie vor großes Problem stellt die Zuordnung von gemessenen Schauer-Observablen
zu den Eigenschaften des jeweiligen Primärteilchens dar. Diese sind immer von der verwende-
ten Schauersimulation abhängig, und deren Vorhersagen sind aufgrund der teilweise noch un-
verstandenen Physik bei hohen Energien mit hohen systematischen Fehlern behaftet. Durch die
fortschreitende Entwicklung der Beschleuniger-Technik und dem damit einhergehenden tieferen
Verständnis von hochenergetischen Teilchenreaktionen ist allerdings zu erwarten, dass sich diese
Unsicherheiten in naher Zukunft weiter verringern lassen.

Der Trend geht zu großen Experimenten, wie im Fall des Pierre-Auger-Observatoriums, da
man sich vor allem im Bereich der hochenergetischen kosmischen Strahlung mit vielen unge-
klärten Fragen konfrontiert sieht. Der Ursprung und der Beschleunigungsmechanismus dieser
Teilchen bleiben weiterhin ein Rätsel und so ist auch in den kommenden Jahren mit spannenden
Entwicklungen auf diesem Forschungsgebiet zu rechnen.

6 Danksagung

Wir möchten uns bei den Herren J. Blümer, R. Engel, T. Huege und M. Roth für die Leitung des
Hauptseminars und die Hilfe bei der Erstellung dieses Dokuments bedanken. Unterstützung bei
der Erarbeitung und dem Verständnis unserer Vortragsthemen haben wir außerden von Frau
B. Keilhauer und den Herren A. Haungs, R. Ulrich, F. Schroeder, M. Unger und H. Dembinsky
erhalten. Besonderer Dank gilt Frau Bucher, die uns mit dem dringend benötigten Zucker- und
Koffein-Schub durch Kaffee und Kekse während der Arbeit versorgt hat.
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Vorlesung 1: Übersicht und Einleitung
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Organisatorische Information
• Vorlesung, Webseite, etc. 
• Prüfung, Schein, Übungen 
• Literatur und andere Quellen

Astroteilchenphysik II: Gamma-Astronomie (Sommersemester)
  Inhaltliche Zusammenschau in Bildern

• Energiebereich der Gammastrahlung
• Nachweis von Gammastrahlung
• Supernova-Überreste und Neutronensterne
• Multi-messenger-Astronomie
• Aktive Galaktische Kerne und Schwarze Löcher
• Gammastrahlen-Blitze

Astroteilchenphysik II: Kosmische Strahlung (Wintersemester)

• galaktische und extra-galaktische kosmische Strahlung 
• Experimenteller Nachweis, aktuelle Messergebnisse 
• Quellen und Ausbreitung
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Vorlesung:           Donnerstags 14:00-15:30 Uhr, Zoom-Videokonferenz 
                                                                           Details erhältlich über ILIAS

Übung:                 Dienstags 15:45 - 17:15 Uhr, Zoom-Video-Konferenz

Anmerkung:        Die Vorlesung kann vor der Vorlesung Astroteilchenphysik I           
                     begonnen werden. Beide Vorlesungen sind komplementär angelegt.

Sprechstunde: Per E-Mail und dann ggf. per Zoom

E-Mail-Liste: Übungsaufgaben, Terminänderungen, etc. über ILIAS

Vorkenntnisse (erwünscht): Kursvorlesung Moderne Experimentalphysik III  
                                              (Physik VI, Kerne und Teilchen) 

Vortragsstil:  Onlinevorlesung mit handschriftlichen analytischen Rechnungen an der  
                      Elektronischen Tafel.

Skript: Die vorab erstellten Vortragsfolien werden elektronisch zur Verfügung gestellt.

Vorlesungsdetails

https://studium.kit.edu/meineuniversitaet/Seiten/vorlesungsverzeichnis.aspx?page=eventlist.asp&gguid=0x1B74553605546A4E8B0636213179E694&mode=field&tguid=0xA75C8C9DF08E9E4ABB0EDCF7F6DE3040#%5Bb%5D;return%20false;%5B/b%5D
https://studium.kit.edu/meineuniversitaet/Seiten/vorlesungsverzeichnis.aspx?page=eventlist.asp&gguid=0x1B74553605546A4E8B0636213179E694&mode=field&tguid=0xA75C8C9DF08E9E4ABB0EDCF7F6DE3040#%5Bb%5D;return%20false;%5B/b%5D
https://studium.kit.edu/meineuniversitaet/Seiten/vorlesungsverzeichnis.aspx?page=eventlist.asp&gguid=0x1B74553605546A4E8B0636213179E694&mode=field&tguid=0xA75C8C9DF08E9E4ABB0EDCF7F6DE3040#%5Bb%5D;return%20false;%5B/b%5D


Übungen: 

- Gehalten von David Schmidt
- 1 Übungsblatt alle 2-3 Wochen
- 1. Übungsblatt nächste Woche

Vorlesung und Übungen : Daten
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Dienstag Donnerstag

23.04.2020 Vorlesung

30.04.2020 Vorlesung

07.05.2020 Vorlesung

12.05.2020 Übung 14.05.2020 Vorlesung

- Feiertag

28.05.2020 Vorlesung

04.06.2020 Vorlesung

09.06.2020 Übung - Feiertag

18.06.2020 Vorlesung

23.06.2020 Übung 25.06.2020 Vorlesung

02.07.2020 Vorlesung

07.07.2020 Übung 09.07.2020 Vorlesung

16.07.2020 Vorlesung

21.07.2020 Übung 23.07.2020 Vorlesung

21.04.2020
28.04.2020
05.05.2020
12.05.2020
19.05.2020
26.05.2020
02.06.2020
09.06.2020
16.06.2020
23.06.2020
30.06.2020
07.07.2020
14.07.2020
21.07.2020



Erweiterte Übungen

Gegeben die aktuelle Situation stellen wir uns erweiterte Übungen als 
Erarbeitung einer Hausarbeit zur Vertiefung eines speziellen Themas:

• Dies können passende selbstgewählte Themen sein

• oder vorgegebene Themen, z.B. 

• Sternentstehung 

• Gamma Ray Bursts 

• Fermi-Bschleunigung erster und zweiter Art

• Nachweis von Gamma-Strahlung mit Cherenkov-Teleskopen

• Highlights des AMS II-Detektors auf der ISS
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 Inhaltsübersicht für geplante Vorlesungen

Einführung und Übersicht 

Grundlagen, Wechselwirkung von Teilchen 

Beschleunigung geladener Teilchen 

Entstehung von Gamma-Strahlung 

Messung von Gamma-Strahlung  

Supernova-Explosionen und -Überreste 

Neutronensterne und Pulsare 

Aktive Galaktische Kerne 

Schwarze Löcher 

Gamma-Strahlen-Blitze (Gamma Ray Bursts) 

Suche nach astrophysikalischen Neutrinos und  

          exotischen Phänomenen ( Axionen, etc. )
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Studienplan für den  
Master-Studiengang Physik
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Auszug aus Modulhandbuch -  
Physik (Master of Science)  
Experimentelle Astroteilchenphysik

2 TABELLARISCHE ÜBERSICHT ÜBER DIE ZUORDNUNG DER MODULE

Physik Master 2015 (Master of Science)
Modulhandbuch mit Stand vom 20.03.2020 22

Experimentelle Teilchenphysik

Veranstaltungen SS20 Reg. SWS ECTS SF/EF NF

WS v3p2 8 A ✓

✓ SS v2p4/v2p2 8/6 ✓

WS v4p4 10 B ✓

WS v2p2 6 C ✓

WS v2p2 6 D ✓

WS v4u1/v4u0 8/6 ✓

v2u1p2/v2u1 8/6 ✓

WS v2p4/v2p2 8/6 ✓

weitere Veranstaltungen SS20 Reg. SWS ECTS SF/EF NF

WS v2u2/v2u1 8/6 E ✓

✓ SS v2u2/v2u1 8/6 F ✓

✓ SS v2u2/v2u1 8/6 G ✓

v2

* nur anrechenbar, wenn nicht gleichzeitig „Methods of Data Analysis“ aus Meteorologie im EF/NF „Meteorologie“  verwendet wird.

Teilchenphysik I
Particle Physics I

Moderne Methoden der Datenanalyse (mit/ohne erw. Übungen)*
Modern Methods of Data Analysis (with/without ext. exercises)

Elektronik für Physiker
Electronics for Physicists

Elektronik für Physiker: Analogelektronik
Electronics for Physicists: Analog Electronics

Elektronik für Physiker: Digitalelektronik
Electronics for Physicists: Digital Electronics

Beschleunigerphysik (mit/ohne erw. Übungen)
Accelerator Physics (with/without ext. exercises)

Messmethoden und Techniken der Experimentalphysik (mit/ohne erw. Übungen)
Measurement Methods and Techniques in Experimental Physics (with/without ext. exercises)

Detektoren für Teilchen- und Astroteilchenphysik (mit/ohne erw. Übungen)
Detectors for Particle and Astroparticle Physics (with/without ext. exercises)

Teilchenphysik II – Flavour-Physik (mit/ohne erw. Übungen)
Particle Physics II – Flavor Physics (with/without ext. exercises)

Teilchenphysik II – W, Z, Higgs am Collider (mit/ohne erw. Übungen)
Particle Physics II – W, Z, Higgs at Colliders (with/without ext. exercises)

Teilchenphysik II – Top-Quarks und Jets am LHC (mit/ohne erw. Übungen)
Particle Physics II – Top Quarks and Jets at the LHC (with/without ext. exercises)

Hadronische Wechselwirkungen
Hadronic Interactions

4 (T)

(T) Theorievorlesung – nicht geeignet, wenn „Experimentelle Teilchenphysik“ das einzige experimentelle Fach ist.

Schwerpunktfach (SF):
Vorgeschriebene Veranstaltungen sind

- A („Teilchenphysik I“)

- und eine aus E, F, G („Teilchenphysik II“)

Ergänzungsfach (EF):
Vorgeschrieben ist die Veranstaltung A („Teilchenphysik I“)

Nebenfach (NF):
Alle Veranstaltungen, bei denen die Spalte NF mit  markiert ist, können verwendet werden!

Zusätzliche Einschränkung:
Es kann entweder B („Elektronik für Physiker“) oder eine aus C oder D („Analogelektronik“ oder „Digitalelektronik“) als Bestandteil 

des SF, EF oder NF gewählt werden
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1 MASTERSTUDIENGANG PHYSIK Graphische Darstellung des Studienplans
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* Das Physikalische Nebenfach, das Fortgeschrittenenpraktikum, das Nichtphysikalische Wahlpflichtfach sowie die überfachlichen 
Qualifikationen werden sowohl im Sommer- als auch im Wintersemester angeboten und können je nach Vorliebe belegt werden. 
Überlast in einem Semester ist zu vermeiden.

Für das nichtphysikalische Wahlpflichtfach (WPF) wird eine Positivliste erarbeitet, alle anderen Veranstaltungen sind 
zustimmungspflichtig.
Die Regeln für die vorgeschriebenen Veranstaltungen der einzelnen Themenfelder müssen für das EF und SF 
individuell erfüllt sein.
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Auszug aus Modulhandbuch:
Modul: Astroteilchenphysik II: Gamma-Astronomie

Lernziele:

Nach erfolgreicher Teilnahme an diesem Modul verfügt der/die Studierende über ein vertieftes Fach- 
und Überblickswissen auf dem Feld der hochenergetischen Astroteilchenphysik mit Schwerpunkt 
Gamma-Astronomie und beherrscht die  Methoden des Erkenntnisgewinns und deren exemplarische 
Anwendung. 

Inhalt:
Es werden die Grundlagen der Astroteilchenphysik mit hochenergetischen Teilchen besprochen, 
wobei der Schwerpunkt auf der Anwendung der Gamma-Astronomie zur Untersuchung 
astrophysikalischer Objekte liegt. Ausgehend von der Beschleunigung geladener Teilchen werden in 
der ersten Hälfte der Vorlesungsreihe die wichtigsten Entstehungsprozesse von Gamma-Strahlung 
eingeführt, die Ausbreitung hochenergetischer Gamma-Strahlung diskutiert und Methoden zum 
Nachweis der Gamma-Strahlung auf der Erde und im Weltall vorgestellt. In der zweiten Hälfe der 
Vorlesungsreihe werden die folgenden astrophysikalischen Objekte und deren Abbild in Gamma-
Strahlen besprochen: Supernova-Explosionen und -überreste, Neutronensterne und Pulsare, 
Schwarze Löcher und Aktive Galaktische Kerne, und Gamma-Blitze. Der Kurs wird abgerundet 
durch eine Diskussion der Suche nach zusätzlichen Dimensionen, Verletzung der Lorentz-Invarianz 
und exotischen Phänomenen mit Gamma-Strahlung. 

Zusammen mit „Astroteilchenphysik II: Kosmische Strahlung“ ergeben die beiden Vorlesungen ein 
abgeschlossenes Bild hochenergetischer Teilchen mit ihren zugrundeliegenden Erzeugungs- und 
Transportprozessen in unserem Universum. Die Themenspektren beider Vorlesungen sind 
komplementär angelegt und können unabhängig gehört werden, ergänzen sich aber in geeigneter 
Weise.
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Literatur und weitere Quellen: SS 20
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Lecture notes, Michael Kachelrieß: http://arxiv.org/pdf/0801.4376 
Skript von Hermann Kolanoski:          http://www-zeuthen.desy.de/~kolanosk/astro0910/skripte/astro.pdf

An Introduction to Modern Astrophysics
Bradley W. Carroll, Dale A. Ostlie

http://arxiv.org/abs/1202.5949

http://arxiv.org/pdf/0801.4376
http://www-zeuthen.desy.de/~kolanosk/astro0910/skripte/astro.pdf


Literatur und weitere Quellen: SS 20

12



Optische Beobachtungen für kultische und 
ökonomische Zwecke
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Astronomie für kultische Zwecke

14The architecture harnesses the noontime sunlight at other moments in the year,
most notably at the cusps between one solar/zodiacal month and the next, when the
midday sunbeam crosses distinct articulations in the patterned decoration of the
floor, the doorway and vertical wall, and the coffers of the domed ceiling, suggesting
a coherent organising principle in the design plan that is driven by the Sun. We have
seen how it does this at the equinox, harmoniously coordinating mid-points of space
and time. That moment in time around 21 March (or correspondingly 23 September,
since the sunbeam tracks back this way later in the year as well) lies on the cusp of
the zodiacal months of Pisces and Aries (or between Libra and Scorpio). On
21 April, on the cusp between the zodiacal months of Aries and Taurus, the midday
Sun shone (and still shines, since the differences in calendar between then and now
are negligible) directly on the threshold of the huge doorway entrance to the
Pantheon, so that anyone entering the building at that moment was, and is, cast
into a spotlight of sunshine (Fig. 3.3). The lower edge of the elliptical beam of light
then marks out the inner circumference of the cylindrical wall of the Pantheon. That
same point is lit again around 22 May/23 July, but this time by the upper edge of the
ellipse of light beaming through the oculus.

This design principle is driven by the Sun itself. But more than that, culturally it
may have been more fundamentally driven by calendrical concerns, particularly

Fig. 3.3 Rome, the Pantheon. On the left, the shaded area shows the sunlight through the oculus at
noon on 21 April, when the Sun’s altitude is 60! (after Hannah and Magli 2011: 495: Fig. 7). On the
right is a virtual reconstruction of entrance of the Emperor into the Pantheon on 21 April (image
reproduced by kind permission of John Fillwalk and The History Channel)

44 R. Hannah

Archaeoastronomy in the Roman World

Historical & Cultural AstronomySeries Editor: Wayne Orchiston

Giulio Magli Antonio César González-GarcíaJuan Belmonte Aviles · Elio AntonelloEditors



… und auch für Propaganda

15concentrations close to the solstitial lines (vertical solid lines) and we do find such
clustering, but we also find that there are other clusters within these limits that are not
expected. However we cannot ascertain whether this is just a matter of how the
sample was constructed or if these concentrations do actually indicate an intention-
ality to choose particular dates in the course of the year.

Figure 6.3b presents the results for the 64 Augustan towns in our sample (dark
grey compared with the total sample so far in light grey). It is clear that now the
maxima become narrower, sharper and therefore more clearly defined. It must be

Fig. 6.2 A map of the western part of the Roman Empire showing the data base of the 181 Roman
towns that have been measured so far. The red and pink rectangles indicate the 64 Augustan town.
Red rectangles are measurements taken on-site by our team, and pink rectangles indicate measure-
ments taken via Digital Terrain Models and orthoimages

94 A. C. González-García et al.

Archaeoastronomy in the Roman World

Historical & Cultural AstronomySeries Editor: Wayne Orchiston

Giulio Magli Antonio César González-GarcíaJuan Belmonte Aviles · Elio AntonelloEditors



Oder für Kunst
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   ! e yellow disk in the sky represents an especially intriguing element. 
Is this a rising or setting Sun, a rising or setting Moon, or, perhaps, a “mid-
night Sun”? We can quickly rule out the last possibility. Because Åsgårdstrand 
lies well below the Arctic Circle, the midnight Sun cannot occur there. 
However, near the summer solstice the Sun never dips far below the 
Åsgårdstrand horizon, and therefore the sky never gets dark during these 
so-called “light nights.”  

    Day or Night? Sun or Moon? 
 Jens ! iis made a lunar identi# cation for the yellow disk and described this 
painting as the depiction of a night scene:

  Munch is # rst and foremost the portrayer of the northern summer night. No 
one has rendered as he the mystic suggestion of those light nights, with mighty 

  Fig. 3.20     Girls on the Pier , Edvard Munch, 1901. Art historians consider this to be 
the earliest example in a lengthy series of similar paintings, lithographs, woodcuts, 
and etchings (National Gallery, Oslo, Norway; © 2013 ! e Munch Museum/
! e Munch- Ellingsen Group/Artists Rights Society, NY)       

 

102 Celestial Sleuth

larger  depression angle  below the horizontal of 10.8°. ! erefore, if the actual 
Moon is visible in the sky at an altitude of 8°, just above the roof of the actual 
house, then the re" ected Moon would have an equal depression angle of 8° 
below the horizontal – a direction blocked by the re" ected house. 

 However, a trigonometric calculation is not necessary to understand the 
missing re" ection. Figs.  3.24  and  3.25  show graphically how light rays can 
travel directly from the Moon to Munch’s eye, while the house blocks the 
light rays that would produce the Moon’s re" ection.  

  Fig. 3.25    A long-standing mystery about  Girls on the Pier  is the absence of the yellow 
disk (the Moon) from the watery re! ection. " e graphic on the le#  simulates the appear-
ance of Munch’s painting. If we imagine that the house suddenly disappeared, as shown 
in the right-hand graphic, then the Moon’s re! ection would be visible in the water (Sky 
& Telescope diagram. Used with permission.)       

 

108 Celestial Sleuth

re! ection may point to the inaccuracy of memory” (Loshak  1990 : 68). 
" omas Messer likewise observed that the yellow disk “is subtracted from 
the mirror image” and wondered whether the artist chose to “eliminate a 
possible ! aw in a carefully balanced emotional equation” (Messer  1973 : 112). 

 However, we realized that simple optics explains the “missing Moon” in 
the re! ection. A key point is that Munch’s eye was about 11 $  above the sur-
face of the water. As Figs.  3.24  and  3.25  show, light rays can travel from the 
Moon and pass just over the roof of the house to reach Munch’s eye, while 
the house blocks the light rays that would produce the Moon’s re! ection.

    A more detailed explanation relies on a property of an image formed by 
the water’s surface, which acts as a plane (! at) mirror. " e house just below 
the Moon was about 300 $  distant from Munch, and the top of its roof stood 
about 46 $  above the water level. " e re! ected image of the roof line there-
fore was 300 $  away from Munch, but 46 $   below  the water level. As seen 
from Munch’s eye 11 $  above the water, a calculation using trigonometry 
shows that the elevation angle of the actual roof is 6.7° measured up from 
the horizontal. But Munch would see the re! ected roof line at the much 

  Fig. 3.24    A long-standing mystery about  Girls on the Pier  is the absence of the yellow 
disk (the Moon) from the watery re! ection. In this ray diagram the  red line  marks the 
eye level of an observer on the pier. As seen by the observer on the pier, the direct light 
rays ( solid yellow line ) from the Moon pass just above the roof of the house and can 
reach the observer’s eye, but the Moon’s re! ection cannot be seen in the water because 
the house blocks the light rays ( dashed yellow lines ) that would create the re! ected Moon 
(Sky & Telescope diagram. Used with permission.)       
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EM radiation: The Milky Way at multiple wavelengths

Adopted from G. Maier
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6.3 Gamma Astronomy 109

Fig. 6.31
Spectral range of electromagnetic
radiation

All parts of this spectrum have been used for astronomi-
cal observations. From large wavelengths (radio astronomy),
the sub-optical range (infrared astronomy), the classical op-
tical astronomy, the ultraviolet astronomy, and X-ray astron-
omy one arrives finally at the gamma-ray astronomy.

Gamma-ray astronomers are used to characterize gamma
quanta not by their wavelength λ or frequency ν, but rather
by their energy,

E = h ν . (6.57)

Planck’s constant in practical units is

h = 4.136 × 10−21 MeV s . (6.58)

The frequency ν is measured in Hz = 1/s. The wavelength
λ is obtained to be

λ = c/ν , (6.59)

where c is the speed of light in vacuum (c = 299 792 458
m/s).

In atomic and nuclear physics one distinguishes gamma distinction
between γ and X raysrays from X rays by the production mechanism. X rays are

emitted in transitions of electrons in the atomic shell while
gamma rays are produced in transformations of the atomic
nucleus. This distinction also results naturally in a classifi-
cation of X rays and gamma rays according to their energy.
X rays typically have energies below 100 keV. Electromag-
netic radiation with energies in excess of 100 keV is called γ
rays. There is no upper limit for the energy of γ rays. Even
cosmic γ rays with energies of 1015 eV = 1 PeV have been
observed.
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blocked by Earth’s atmosphere before it reaches the ground.47 

The visible part of the spectrum, which is not blocked by 
our atmosphere, is a fairly narrow range of wavelengths, 
or window, through which we can view the universe. There 
are a few other atmospheric windows in the spectrum as 
well, as shown in Figure 5.18.

Do not make the mistake of thinking that light that 
fails to reach the surface of Earth is uninteresting. There 
are many things that we can learn only by observing the 
universe outside the visible window. Although radio obser-
vations are also possible from the ground, we owe a large 
fraction of what we know about the universe to a host of 
ultraviolet, X-ray, gamma-ray, and infrared telescopes that, 
beginning in the 1960s, were carried above Earth’s atmo-
sphere by rockets. We’ll discuss space telescopes in more 
detail later in the chapter.

 5.2 Optical Detectors 
and Instruments

In reality, the sole purpose of an astronomical telescope is 
simply to collect light waves from the cosmos and bring 
them to a focus. We turn now to the various ways in which 
astronomers capture these light waves and convert them to 
useful information. Detectors are devices placed in a tele-
scope’s focal plane to transform light waves into images that 

47 Ozone and molecular scattering are the principal atmospheric compo-
nents that block electromagnetic radiation shorter than visible wave-
lengths from reaching Earth’s surface. Water vapor and carbon dioxide 
tend to block radiation longer than visible wavelengths.

we can see and record. As with our earlier approach, we 
start with the most basic of telescopes, the human eye.

The detector in the human eye is the retina (see Figure 
5.6), and the individual receptor cells that respond to light 
falling on the retina are called “rods” and “cones.” Cones are 
located near the eye’s optical axis at the center of our vision. 
They provide the highest resolution and enable us to rec-
ognize color. The size and spacing of cones—not the 7-mm 
pupil—determine the 1-arcminute resolution of the human 
eye. Rods, which are located away from the eye’s optical axis 
and are responsible for our peripheral vision, provide the 
highest sensitivity to low light levels, but they have poorer 
resolution and cannot distinguish color. The photons to 
which the human eye is sensitive have wavelengths ranging 
from about 400 nm (deep violet) to 700 nm (far red).

As photons from a star enter the aperture or pupil of the 
eye, they fall on and excite cones at the center of vision. 
The cones then send a signal to the brain, which interprets 
this message as “I see a star.” So what limits the faintest 
stars we can see with our unaided eyes, assuming a clear, 
dark night and good eyesight? This limit is determined in 
part by two factors that are characteristic of all detectors: 
integration time and quantum effi ciency.

Integration time is the limited time interval in which 
the eye can add up photons. For the human eye, the inte-
gration time is about 100 milliseconds (ms). If two images 
on a television or computer screen appear 30 ms apart, you 
will see them as a single image because your eyes will sum 
whatever they see over an interval of 100 ms. If the images 
occur, say, 200 ms apart, you will see them as separate 
images. So the signals the cones send to your brain include 
only those photons that arrive within an interval of 100 ms. 
This relatively brief integration time is the biggest factor 
limiting our nighttime vision. Stars too faint for us to see 
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Quellen hochenergetischer Strahlung:  
z.B. Supernova-Überreste Neutronensterne
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1.1 Discoveries in the 20th Century 7

from sea level to discover where the Earth’s magnetic field
would guide them. In these studies, he observed that parti-
cles with certain momenta could be trapped by the magnetic
field, which caused them to propagate back and forth from
one magnetic pole to the other in a process called ‘magnetic
mirroring’. The accumulated particles form radiation belts, Van Allen belts
which were discovered in 1958 by Van Allen with exper-
iments on board the Explorer I satellite (Fig. 1.9, see also
Fig. 7.2).

Fig. 1.9
Van Allen belts

The final proof that primary cosmic rays consist pre-
dominantly of positively charged particles was established
by the observation of the east–west effect (Johnson and Al-
varez & Compton, Nobel Prize Alvarez 1968, Nobel Prize
Compton 1927). Considering the direction of incidence of
cosmic-ray particles at the north pole, one finds a higher in-
tensity from the west compared to the east. The origin of this
asymmetry relates to the fact that some possible trajectories
of positively charged particles from easterly directions do

observation point

Fig. 1.10
East–west effect

not reach out into space (dashed tracks in Fig. 1.10). There-
fore, the intensity from these directions is reduced.

In 1933, Rossi showed in a coincidence experiment that
secondary cosmic rays at sea level initiate cascades in a lead
absorber of variable thickness (‘Rossi curve’). The absorp-
tion measurements in his apparatus also indicated that cos-
mic rays at sea level consist of a soft and a penetrating com-
ponent.

6 1 Historical Introduction

red giants and white dwarves. In 1924 Hubble was able to
confirm Kant’s speculation that ‘nebulae’ are accumulations
of stars in galaxies, by resolving individual stars in the An-
dromeda Nebula. Only a few years later (1929), he observedexpansion of the universe
the redshift of the spectral lines of distant galaxies, thereby
demonstrating experimentally that the universe is expand-
ing.

In the meantime, a clearer picture about the nature of
cosmic rays had emerged. Using new detector techniques
in 1926, Hoffmann observed particle multiplication under
absorbing layers (‘Hoffmann’s collisions’). In 1927, Clay
demonstrated the dependence of the cosmic-ray intensity on
the geomagnetic latitude. This was a clear indication of the
charged-particle nature of cosmic rays, since photons would
not have been influenced by the Earth’s magnetic field.

Primary cosmic rays can penetrate deep into the atmo-penetration of cosmic rays
into the atmosphere sphere at the Earth’s poles, by traveling parallel to the mag-

netic field lines. At the equator they would feel the full com-
ponent of the Lorentz force (F = e(v × B); F – Lorentz
force, v – velocity of the cosmic-ray particle, B – Earth’s
magnetic field, e – elementary charge: at the poles v ‖ B
holds with the consequence of F = 0, while at the equa-
tor one has v ⊥ B which leads to |F | = e v B). This lati-
tude effect was controversial at the time, because expeditionslatitude effect
starting from medium latitudes (≈ 50◦ north) to the equa-
tor definitely showed this effect, whereas expeditions to the
north pole observed no further increase in cosmic-ray inten-

geomagnetic latitude
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Fig. 1.8
Latitude effect: geomagnetic and
atmospheric cutoff

sity. This result could be explained by the fact that charged
cosmic-ray particles not only have to overcome the magnetic
cutoff, but also suffer a certain ionization energy loss in the
atmosphere. This atmospheric cutoff of about 2 GeV pre-
vents a further increase in the cosmic-ray intensity towards
the poles (Fig. 1.8). In 1929 Bothe and Kohlhörster could fi-
nally confirm the charged-particle character of cosmic rays
at sea level by using coincidence techniques.

In as early as 1930, Störmer calculated trajectories oftrajectories
of charged particles

in the Earth’s magnetic field
charged particles through the Earth’s magnetic field to better
understand the geomagnetic effects. In these calculations,
he initially used positions far away from the Earth as start-
ing points for the cosmic-ray particles. He soon realized,
however, that most particles failed to reach sea level due
to the action of the magnetic field. The low efficiency of
this approach led him to the idea of releasing antiparticles
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2

Den ersten zweifelsfreien Nachweis für die Existenz hochenergetischer aus dem Weltall
stammender Teilchen fand V. F. Hess im Jahre 1912, als er im Laufe seiner Ballonfahrten,
infolge der unterschiedlichen Ionisierung des Gases innerhalb eines isolierten Elektrome-
ters, eine sich mit der Flughöhe ändernde Strahlung feststellte, was ihn zu einer neuen
Hypothese führte. Man müsse entweder die Existenz unbekannter Materie in großer Höhe
beschwören oder eine durchdringende Strahlung außerirdischer Herkunft annehmen [Hes
12]. Konnte Hess während seiner Aufstiege zunächst noch die von ihm erwartete Abnah-
me der Ionisation mit zunehmender Höhe beobachten, stieg diese jedoch  nach Durchlau-
fen eines flachen Minimums (bei rund 1 km) wieder an und war bei 4500 m schließlich
doppelt so hoch wie am Erdboden. Nach einer kritischen Überprüfung seines Experiment-
aufbaus stand für ihn der außerirdische Ursprung dieses Phänomens fest.

Die anfängliche Vermutung, nach der die Strahlung allein aus äußerst energiereichen
Photonen bestehen sollte, konnte 1929 von Bothe und Kohlhörster durch Koinzidenzexpe-
rimente widerlegt werden [BoK 29]. Einen mit zahlreichen Orginalartikeln versehenen
Überblick über die historischen Entwicklungen auf diesem Forschungsgebiet gibt A. Hillas
in [Hil 72].

Nach heutiger Erkenntnis beruht die bis zu Energien über 1020
 eV reichende Höhen-

strahlung, deren Fluss nach einem Potenzgesetz mit der Energie abnimmt, zum größten
Teil auf Atomkernen (vornehmlich Protonen und α-Teilchen) [Bir 93].

Die Klärung der Frage nach möglichen Quellen dieser Strahlung setzt die Kenntnis ih-
rer Herkunftsrichtung voraus. Eine Information, welche den geladenen Teilchen unterhalb
von etwa 1017

 eV infolge ihrer Ablenkung in den galaktischen und intergalaktischen Mag-
netfeldern jedoch weitestgehend verloren geht. Obwohl erstere nur etwa ein Hunderttau-
sendstel des Erdmagnetfeldes betragen und somit äußerst schwach sind, genügen sie, um
geladene Teilchen aufgrund der großen Entfernungen in der Galaxie stark zu beeinflussen
(vgl. Abb. 1.1). Da die Felder darüber hinaus eine unregelmäßige räumliche und zeitlich
veränderliche Struktur besitzen, lassen sich die Bahnen der Teilchen nicht zurückverfol-
gen.

Abbildung 1.1: Skizze zur Veranschaulichung der Wirkung interstellarer Magnetfelder
auf die Einfallsrichtung kosmischer Teilchen. Während die geladene Strahlungskompo-
nente abgelenkt wird, bleiben neutrale Teilchen unbeeinflusst und ermöglichen so Auf-
schlüsse über weit entfernt stattfindende Wechselwirkungen.

Detektor

γ-Strahlen

geladene kosmische 
           Teilchen 

Emissions-
gebiet
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2 KAPITEL 1. EINFÜHRUNG

Abbildung 1.1: Kosmische Strahlung (auch “Höhenstrahlung”): Links: künstlerische
Darstellung eines Luftschauers, der von einem hochenergetischen primären Teilchen
der kosmischen Strahlung ausgelöst wurde. Rechts: Spur eines Positrons in einer
Nebelkammer.

Abbildung 1.2: Transparenz der Erdatmosphäre für elektromagnetische Strahlung.
Für astronomische Beobachtungen von der Erde stehen nur die Fenster im Optischen
und im Radiowellenbereich zur Verfügung.

Kosmische “Strahlung”?

”Electrified particles bombarding the Earth from remote space”!

1932

The Fantastic Four #1, 1961

A. Compton, Phys. Rev. 43 6 (1933) 387

�⇥AstroI, 17 of 29



Galaktische kosmische Strahlung
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Der Teilchenfluss der kosmischen Strahlung

• Der Fluss an Teilchen folgt einem 
Potenzgesetz:

• Hier keine Unterscheidung der 
Teilchenart (p, He, C, N, O, Fe)

80 6 Primary Cosmic Rays

The all-particle spectrum of charged primary cosmic
rays (Fig. 6.4) is relatively steep so that practically no de-

Fig. 6.4
Energy spectrum of all particles of
primary cosmic rays

tails are observable. Only after multiplication of the inten-
sity with a power of the primary energy, structures in the
primary spectrum become visible (Fig. 6.5). The bulk of
cosmic rays up to at least an energy of 1015 eV is believed to
originate from within our galaxy. Above that energy which is
associated with the so-called ‘knee’ the spectrum steepens.
Above the so-called ‘ankle’ at energies around 5 × 1018 eV
the spectrum flattens again. This latter feature is often inter-
preted as a crossover from a steeper galactic component to a
harder component of extragalactic origin.

Fig. 6.5
Energy spectrum of primary
cosmic rays scaled by a factor E3.
The data from the Japanese
air-shower experiment AGASA
agree well – except at very high
energies – with the air-scintillation
results of the Utah High Resolution
experiment as far as the spectral
shape is concerned, but they
disagree in absolute intensity
(AGASA – Akeno Giant Air
Shower Array, HiRes – High
Resolution Fly’s Eye)
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Artist’s impression of the different
structures in the primary
cosmic-ray spectrum
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Wie kommt es zu dieser Flussdefinition?
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Himmelskarte bekannter Pulsare

This plot identifies selected pulsars detected by Fermi's LAT.  A pulsar is a type of rapidly rotating neutron star that emits electromagnetic energy at 
periodic intervals. A neutron star is the closest thing to a black hole that astronomers can observe directly, crushing half a million times more mass 
than Earth into a sphere no larger than a city. Its matter is so compressed that even a teaspoonful weighs as much as a mountain. One pulsar shines 
especially bright for Fermi. Called Vela, it spins 11 times a second and is the brightest persistent source of gamma rays the LAT sees

https://svs.gsfc.nasa.gov/cgi-bin/details.cgi?aid=11342

https://svs.gsfc.nasa.gov/cgi-bin/details.cgi?aid=11342


Äquatorialkoordinaten
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This plot overlays the locations of three reference planes on the Fermi sky map: 
• the celestial equator (the plane of Earth's equator projected onto the sky), 
• the ecliptic (the annual apparent path of the sun around the sky as well as the plane of Earth's orbit), 
• and the galactic equator, which marks the central plane of our Milky Way galaxy.



Himmelskarte der bekannten TeV Gamma-Quellen
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http://tevcat.uchicago.edu

http://tevcat.uchicago.edu


Himmelskarte der bekannten TeV Gamma-Quellen
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Veritas/Magic

H.E.S.S. Krebsnebel (Crab)



Gamma-Strahlung des Krebsnebels
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Gamma-Strahlung vom Krebsnebel
ANRV385-AA47-13 ARI 22 July 2009 4:12
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Figure 11
The SED of the Crab Nebula and Pulsar, adapted from Hinton (2009).

4.3. Compact Object Binary Systems as γ-Ray Sources
The physical environment inside a close binary system (or an eccentric binary close to periastron)
is radically different from that of the diffuse ISM relevant to SNRs and PWN. This environment
is characterized by very high radiation densities O(1 erg cm−3) of rather high frequency photons
O(1 eV) and high magnetic fields (mG–G). The consequence of this environment for relativistic
electrons is that rapid cooling is inevitable. In the case where the radiation pressure dominates,
the cooling of TeV electrons will occur in the KN regime, with implications for the spectral shape
discussed in Section 2.2.

All relevant timescales in such a system are short in comparison to the length of observation
programs (typically years), for example, the acceleration and cooling time for relativistic electrons
and the orbital period. It is therefore expected that γ -ray emitting binaries will be variable point-
like objects if electrons dominate the γ -ray production. Hadron accelerating binaries may produce
steady and extended γ -ray emission if the protons and nuclei can escape the production region
without significant energy losses. If γ rays are produced inside the binary system, then the assump-
tion of free escape is normally invalid. In the presence of intense radiation fields, γ−γ interactions
produce e+/e− pairs that are likely to IC scatter, leading to electromagnetic cascades. This effect,
combined with KN IC cooling, can lead to γ -ray spectral shapes radically different from those
seen in diffuse sources (see, for example, Khangulyan, Aharonian & Bosch-Ramon 2008).

The most obvious energy source inside a binary system in which one member is a compact object
(neutron star or black hole) is accretion. Particle acceleration in jets produced by accretion onto a
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Synchrotron-Selbst-Compton-Modell (Synchroton self-Compton SSC)
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Direkter Nachweis der 
Beschleunigung von Hadronen

Heraeus-400

11 Feb. 2008

Tom Gaisser 5

Problems of simplest SNR shock 

model
• Expected shape of spectrum:

– Differential index !

 

~ 2.1 for 

diffusive shock acceleration

• !observed ~ 2.7"##!source ~2.1;  

$!

 

~ 0.6 ! %esc(E) ~ E-0.6 

• c %esc ! Tdisk ~100 TeV

• ! Isotropy problem 

• Emax ~ &shock Ze x B x Rshock

– ! Emax ~ Z x 100 TeV with 

exponential cutoff of each 

component

– But spectrum continues to 

higher energy:

• ! Emax problem

• Expect p + gas ! ' (TeV) for 
certain SNR

– Need nearby target as shown 
in picture from Nature (April 02)

– Some likely candidates (e.g. 
HESS J1745-290) but still no 
certain example

– ! Problem of elusive (0 '-rays

Beispiel: Gamma-Strahlung
(Neutrinos wären eindeutiger!)

Heraeus-400

11 Feb. 2008

Tom Gaisser 7

Chandra

Cassiopeia A

Chandra
SN 1006!"#$%&'($)*+,()-.(-)&+/0+12)$*+&%",,"/'+

/0+*/-'3+456,7
89":&'.&+0/)+$%;#"0".$("/'<+=+>+?@@+!A

=&)&BCD/EF/#D<+GA???

Filamente haben ca. 100 µG 
Feldstärke, indirekter 
Nachweis von Hadronen-
beschleunigung

E.G.Berezhko et al.: CR acceleration parameters of SN 1006 7

Fig. 6. Total (π0-decay + IC) (black lines), π0-decay (blue

lines), and IC (green lines) differential γ-ray energy fluxes as a
function of γ-ray energy, calculated for ISM hydrogen number

densitiesNH = 0.05 cm−3 (solid lines) andNH = 0.035 cm−3

(dashed lines) for the parameters η = 2.9 × 10−4, Kep =
4.1 × 10−4 and Bd = 150 µG, derived from the fit of the syn-
chrotron spectrum. The H.E.S.S. value (Naumann-Godo et al.

2009) is shown as well.

0.035 cm−3 it is already two thirds. Since the maximal pro-

ton energy, reached at some time during the evolution, is about

εmax ≈ 2 × 1015 eV, the corresponding π0-decay component

has a power law form dFγ/dεγ ∝ ε−γ
γ with γ ∼ 2 up to the

cutoff energy εγ ≈ 1014 eV. The cutoff energy is defined here

as that energy, where the spectral energy density has dropped

by a factor 1/e from its maximum value which given by log

ε2γdFγ/dεγ ≈ −0.8.
According to Fig. 6 the H.E.S.S. data are consistent with

an ISM number density from quite a narrow interval 0.035 ≤
NH ≤ 0.05 cm−3, since for the theoretically derived γ-
ray spectrum we have Φ = 2.1 × 10−12 erg/(cm2 s) and

Φ = 2.9 × 10−12 erg/(cm2 s) for NH = 0.035 cm−3 and

NH = 0.05 cm−3 respectively. It should be noted that the cor-

responding explosion energy Esn ≈ 1.7 × 1051 erg is close to

the upper end of the typical range of type Ia SN explosion en-

ergies that vary by a factor of about two (Gamezo et al. 2005;

Blinnikov et al. 2006).

Acero et al. (2007) find the value NH ≈ 0.05 cm−3 on the

basis of X-ray measurements. The above interval is consistent

with their result.

From Fig. 6 the γ-ray spectrum produced by the nuclear

CRs is very close to the IC emission spectrum produced by

CR electrons alone. Since the differential energy spectrum of

freshly accelerated nuclear particles and electrons is rather

close to a spectrum Ne ∝ ε−2, and since the electrons with

energies ε > εl ≈ 1 TeV subsequently undergo significant

synchrotron cooling in the interior, leading to the spectrum

Ne ∝ ε−3, not only the amplitude but also the shape of these

two components are very similar within the energy interval

1010 < εγ < 1013 eV. Therefore the VHE γ-ray spectrum

alone is not able to discriminate between the hadronic π0-

decay and the leptonic IC γ-ray components. However, it was
already shown by Ksenofontov et al. (2005) that such a low

VHE emission flux, with a highly depressed IC γ-ray flux, is
only possible if the nuclear CR component is efficiently pro-

duced with accompanying strong magnetic field amplification.

In the framework of the interpretation developed in this pa-

per the most direct evidence for the energetic dominance of

a nuclear energetic particle component is the observed γ-ray
morphology. It corresponds to the theoretical prediction and is

consistent with all other measurements.

A last point concerns the radial extentRc of the contact dis-

continuity between ejected and swept-up mass relative to the

radius Rs of the SNR blast wave, cf. recent data presented and

discussed by Cassam-Chenaı̈ et al. (2008). The ratio Rs/Rc is

given as 1.04 ± 0.03 outside the synchrotron rims, and essen-
tially as 1 in the region within the synchrotron rims. In the case
of Tycho’s SNR we have discussed in quantitative detail (e.g.

Völk et al. 2008a) the reduction of this ratio compared to a pure

gas shock as a result of the considerable shock modification

produced by accelerated nuclear CRs, which leads to the in-

crease of the shock compression. Qualitatively such considera-

tions agree with the experiment for SN 1006: the ratioRs/Rc is

larger in the equatorial region, where CR injection/acceleration

is inefficient, and it is essentially smaller within the polar re-

gion, where CRs are efficiently produced. While for Tycho’s

SNR particle acceleration gives a good theoretical explanation

of the relatively small ratio within our model, this is clearly

impossible quantitatively for the above numbers in the case of

SN 1006. Cassam-Chenaı̈ et al. (2008) believe that the value

of the contact discontinuity radius Rc was somehow overesti-

mated ”... since our measurements are likely to be affected by

projection and other effects, ...”. On the other hand, very re-

cently Miceli et al. (2009) have found numbers Rs/Rc of the

order of 1.1 which are in the expected range. Future work will

have to resolve this difference.

3. Summary

Since the relevant astronomical parameters as well as the syn-

chrotron spectrum of SN 1006 are measured in impressive de-

tail it is possible to determine the values of the relevant physical

parameters with the appropriate accuracy for this SNR: proton

injection rate η = (2.9 ± 0.6) × 10−4, electron to proton ra-

tio Kep = (4.1 ± 0.3) × 10−4 and downstream magnetic field

strength Bd = (150± 15) µG.
As a result the flux of TeV emission detected by H.E.S.S.

is consistent with the ISM number density 0.035 ≤ NH ≤
0.05 cm−3. The corresponding hydrodynamic SN explosion

energy Esn = 1.7 × 1051 erg is close to the upper end Esn =
1.6 × 1051 erg of the typical range of type Ia SN explosion

energies that vary by a factor of about two. Also the magnetic

field amplification properties of this SNR are well understand-

able as the result of azimuthal variations of ion injection over

the projected SNR circumference and corresponding accelera-

tion which lead to a polar cap-type morphology for the X-ray

synchrotron as well as the γ-ray emission. As a consequence,
the recent H.E.S.S. measurement of a dipolar morphology also

H.E.S.S.
(High Energy
Sterescopic System,
Namibia)H.E.S.S.

(High Energy Sterescopic System, 
Namibia)

Beispiel: Gamma-Strahlung  
(Neutrinos wären eindeutiger!)

Filamente haben ca. 100 μG
Feldstärke, indirekter
Nachweis von Hadronen-
beschleunigung

Chandra 
SN 1006
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Gamma-Strahlung: Aktiver Galaktischer Kern



40



41

D ~ 30 Mpc 
MBH ~ 5 x 108 Msolar
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