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2 PIERRE AUGER OBSERVATORY

1 Introduction

In 1912 V. Hess performed a balloon flight measuring the electrical conductivity
at different altitudes. He observed that it increases coming into higher regions
of atmosphere and explained it by the ionizing effect of high-energy radiation
from space (today called cosmic rays). In 1930 cosmic rays were identified to
consist mainly of positive charged particles.[3]

Step by step the understanding of cosmic rays with energies from low to
moderate energies (some 100 MeV to TeV) progressed. They can be accelerated
within our galaxy, e.g. by magnetic fields of the sun. But the origins and the
acceleration mechanisms of the ultra high energy cosmic rays are still unknown.
The Pierre Auger Observatory started taking data in 2004 to gather more in-
formation about these cosmic rays with extreme high energies and gain a better
understanding of the universe. [5][11]

Based on the work of the Pierre Auger Observatory current information of
cosmic rays will be shown in this work followed by a section of different possible
sources and acceleration mechanisms. Finally their relevance on the appearance
of ultra high energy cosmic rays will be discussed.

2 Pierre Auger Observatory

In 1992 Jim Cronin and Alan Watson made first plans to build the Pierre Auger
Observatory and to gain a better understanding of the ultra high energy cosmic
rays by using extensive air showers.[32]

Since 2000 the observatory is constructed near Malargüe in western Ar-
gentina close to the Andes. Cosmic rays above 1019 eV have an estimated ar-
rival rate of only 1 particle per square kilometre per year and the cosmic rays
above 1020 eV, which are even more interesting, of just 1 per square kilometre
per century. Therefore, the observatory covers an area of 3 000 km2, which is
roughly the size of Luxembourg, to have 30 events per year on average. In this
area 1 600 surface detectors are placed separated 1.5 km from each other in a
hexagonal structure. The Auger Observatory uses an hybrid technology, i.e.
that additionally four stations, each including six fluorescence telescopes, are
placed on the periphery of the instrumented area.[11] In figure 1 the layout is
shown. The dots show the positions of the surface detectors, the green lines de-
fine the fields of view of the fluorescence telescopes. In the blue shaded area the
detectors are already installed. The detectors outside this area are not placed
yet.[4]
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2 PIERRE AUGER OBSERVATORY

Figure 1: Layout of the Pierre Auger Observatory. The blue shaded area shows
where detectors are already installed. The dots mark the positions of the surface
detectors while the green lines define the fields of view for the fluorescence
telescopes.[5]

In future another observatory will be built in south-eastern Colorado, USA,
so that the northern hemisphere can be observed as well. This will lead to the
ability of studying cosmic rays all over the sky.[10][9]

2.1 Detectors

As explained above the Pierre Auger Observatory uses a hybrid technology to
measure air showers. These can be detected by both surface detectors and flu-
orescence telescopes. While the fluorescence telescopes can only work in clear
and moonless nights (13% duty cycle), the surface detectors collect data con-
tinuously. This produces much more data from the surface detectors, but nev-
ertheless the hybrid technology makes it possible to minimise the uncertainty
of the measurement, e.g. by calibrating the energy measurement of the surface
detectors with the fluorescence telescopes, since the error for the fluorescence
telescopes is smaller than for the surface detectors.[11] Below the operating
mode of the detectors will be described in more detail.

2.1.1 Surface Detector

Charged particles emit Cherenkov light if they move faster through a medium
than the velocity of light in this medium, i.e. v > c0

n , where v is the velocity
of the particle, c0 the speed of light in a vacuum and n the index of refraction.
An electromagnetic shock wave, which is emitted at an angle of cos(Θc) = 1

nβ ,
β = v

c , is created in the same way as a supersonic aircraft creates a sonic shock
wave.[23]
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Figure 2: The surface detector is a plastic tank filled with 12 t of water. Pho-
tomultiplier are used to detect the Cherenkov light produced by the particles
that move through the tank. The antenna is used to send the signal and its
position to the main campus. The solar panels charge the battery which powers
the electronics. [9]

The Pierre Auger Observatory utilises this light to detect the particles of the
air showers and to measure the energy loss in the surface detectors. The surface
detectors (see fig.2) are placed all over the detection area with a distance of
1.5 km to each other. Each station consists of a cylindrical tank with a base of
10 m2 and a height of 1.2 m filled with 12 t of ultra pure water which serves as
detection medium. The tanks are absolutely dark inside, so that the Cherenkov
light emitted by the crossing particles can be seen. The light is reflected at the
inside wall of the tank so that three nine inch photomultipliers on the surface of
the water can measure it. Every 25 ns the signal is converted into an electrical
signal inside a dome on the top of the tank which is send to the main campus
via an antenna using a modified mobile communications network. In this way
a measurement of deposited energy, arrival time and chronological sequence by
the use of a GPS device is possible. The detectors are powered by solar panels
which charge the batteries.[9]

An example of an event can be seen in figure 3. The dots represent the
detector stations while grey means no signal and the signal strength increases
from green to red. The ellipses mark the regions where the signals have the
same strength. The arrow gives the arrival direction of the shower.
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Figure 3: Signal of surface detector. The dots represent the surface detector
stations, whereas their colour gives information about the signal strength. The
ellipses show regions where the signals have the same strength and the arrow
demonstrates the arrival direction of the shower.[6]

2.1.2 Fluorescence Telescope

Charged particles of the shower are able to excite nitrogen atoms in the air
which will emit ultraviolet fluorescence light.

This light can be detected by the telescopes so the evolution of the shower
can be seen on its full length. Each fluorescence telescope consists of a mir-
ror with an area of 12 m2 which focuses the light to a camera containing 440
photomultipliers. This data is saved each 0.1 µs. It can be used to identify the
arrival direction, Xmax, a shower parameter connected with the altitude where
the shower has its maximum, and the energy of the primary particle.[7]

A typical signal is shown in figure 4. The viewing angle is plotted against
the azimuth angle. The colour gives information about the time of detection
whereupon blue corresponds to an early and red to a late one.
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Figure 4: Signal of fluorescence telescope. Elevation is plotted against the
azimuth angle. The colour shows the time signal(blue=early, red=late).[5]

2.2 Results

In the next sections the main results of the Auger Observatory will be presented.
Looking at this results it becomes clear why the analysis of possible sources and
acceleration mechanisms is important.

2.2.1 Energy Spectrum

The hybrid technology allows a calibration of the energy scale of the surface
detectors by using the data from the fluorescence telescopes, since the error on
the energy is smaller. In this way it is possible to measure the spectrum of
energy with a higher precision due to higher statistics.

In figure 5 the resulting particle flux estimated with E3 versus the energy
is shown. It gives a hint on the GZK-cut-off, but this can only be verified if
other reasons for this feature are excluded. By the analysis of composition and
anisotropy one can find other motivations for the cut-off, e.g. a decreasing of
the strength of the acceleration mechanism.[8]
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Figure 5: Energy spectrum measured by surface detectors. The flux is plotted
versus the energy. It gives a hint on the GZK-cut-off.[38]

GZK-Cut-Off In 1966 the physicists K. Greisen, G. Zatsepin and V. Kuzmin
predicted a cut-off in the energy spectrum at 6 · 1019 eV. High energy protons
(E > 60 EeV) are able to interact with the cosmic microwave background:

p + γ → ∆+ → π0 + p (1)
p + γ → ∆+ → π+ + n (2)

The ∆+ has a short life time of only 10−23 s. If it decays into a proton and
a pion, the proton can again interact with the cosmic microwave background
until its energy falls below the 60EeV threshold. Protons loose about 20% of
their energy each time they interact.[22] Thus, the sources have to be closer
than 100 Mpc, since otherwise they would have lost their energy by interacting
with the cosmic microwave background.[20]

2.2.2 Composition

In figure 6 the composition of the ultra high energy cosmic rays(UHECR) is
shown. The ordinate is labelled with Xmax which is a shower parameter char-
acterising the altitude of the shower maximum, that is correlated with the mass
of the primary particle. The abscissa shows the energy. The coloured lines show
the predictions of different interaction models if the cosmic rays are only con-
sisting of iron or protons respectively. The plot shows three different data sets.
In the one of the ICRC 2007 Xmax was measured directly with the fluorescence
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telescopes, while in the other cases indirect estimators from the surface detec-
tors were used. All three sets show the same behaviour, namely the cosmic rays
are consisting of different nuclei, whereas the composition is getting heavier at
higher energies.[45]

Figure 6: Composition of ultra high energy cosmic rays. The shower parameter
Xmax is plotted versus the energy. The coloured lines present predictions for
the case of pure iron or pure protons respectively.[45]

2.2.3 Anisotropy

It is known that active galactic nuclei (AGN) are distributed anisotropically in
our neighbourhood (d < 200 Mpc).[36] Therefore, it is an easy way to check if the
arrival directions of cosmic rays show an anisotropic behaviour by discovering
a correlation with the positions of AGN.

The result can be seen in figure 7. Whereas the blue area marks the sky which
can be observed by the Auger Observatory (the more shaded the higher is the
exposure). The red asterisks show the positions of AGN from the 12th edition
of the Veron-Cetty and Veron catalogue under the cut parameter z < 0.018.
The ellipses represent the arrival direction of the cosmic rays with E > 57 EeV
including the region of 3.1 °.[4]
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3 POSSIBLE SOURCES

Figure 7: Correlation between AGN and arrival direction of ultra high energy
cosmic rays. The shaded area shows the sky which can be observed by the Auger
Observatory where a darker colour means a higher exposure. The asterisks mark
the positions of AGN from the Veron-Cetty Veron catalogue with z < 0.018.
The ellipses demonstrate the arrival directions of the cosmic rays including a
region of 3.1 °.[4]

The observed correlation supported the hypothesis that ultra high energy
cosmic rays have their origin in nearby extragalactic sources whose flux has
not been reduced significantly by interactions with the cosmic microwave back-
ground. AGN or objects with similar spatial distributions are possible candi-
dates for sources of ultra high energy cosmic rays. Some of them will be analysed
in the next sections.[4][40]

3 Possible Sources

Leaving the precise acceleration mechanism aside Hillas gave an argument to
identify objects which could be sources of ultra high energy cosmic rays.[33] In
this section different possible sources of ultra high energy cosmic rays on the base
of Hillas argumentation will be presented. First there will be a description of the
particular candidate showing special properties. Later on it will be considered
how far the different AGN types can be used as sources for ultra high energy
cosmic rays.

Hillas Plot Hillas developed a simple dimensional argument which makes it
possible to identify objects which are able to accelerate particles up to a given
energy. The magnetic field (B) which keeps the particles in contact with the
acceleration site and the size (R) of the acceleration region which has to be
larger than the diameter of the orbit of the particle are main aspects. Taking
into account the effect of the characteristic velocity βc of the magnetic scattering
centres the following condition is the result:(

B

µG

) (
R

kpc

)
> 2

(
E

1018 eV

)
1

Zβ
. (3)
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3 POSSIBLE SOURCES

The argument expressed by this equation is presented descriptive by the Hillas
plot (see fig.8). Plotting the magnetic field against the size of the acceleration
region it becomes clear that either a large magnetic field or a large size of the
acceleration region is needed to achieve the given maximum energy. In case of
an acceleration up to 1020 eV which is plotted here among others active galactic
nuclei are possible sources.[33]

Figure 8: The Hillas plot is a presentation of the connection between the mag-
netic field (ordinate) and the size of the acceleration region (abscissa). Objects
located in the area below the lines are not able to accelerate protons or iron
respectively to the given energy.[33]

3.1 Active Galactic Nuclei

The bright inner part of particular host galaxies like spiral galaxies or elliptical
galaxies is called Active Galactic Nuclei (AGN). There are some fundamental
parts which are more or less distinctive in connection to each AGN (see fig.9):
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Figure 9: Schematic view of different parts of AGN. The dusty torus moves
into the direction of the black hole becoming a thin accretion disk. Just before
reaching the black hole matter is ejected in jets. Clouds with different veloci-
ties are located above and below the accretion disk. They change the optical
properties of the emitted light.[15]

Many giant stars emit dust into their environment. This dust is located at
the pc to kpc scale of the AGN rotating around it and building up an enormous
toroidal reservoir of matter, the Dusty Torus. Depending on the orientation to
the observer the Dusty Torus opens the view into the centre of the AGN (small
inclination) or obstructs it (high inclination). This leads to a dichotomy of AGN
into Type I AGN for small inclination and Type II AGN for high inclination.[29]

With decreasing distance to the black hole the temperature increases follow-
ing the model of Shakura and Sunyaev[30] in which T ∝ r−

3
4 . Thermal energy

is nearly completely emitted in form of radiation energy. Due to this and the
rotation of the matter moving into the direction of the black hole following
Kepler´s law the matter arranges in a flat form, named accretion disk, which
is optical thick. Near the black hole the thermal energy is not emitted in form
of radiation energy any more so the temperature becomes higher. Because of
this higher temperature the accretion disk becomes toroidal again at the inner
edge.[25]

Above the accretion disk we find a region where ionized clouds move with
velocities of (1, 000−10, 000) km

s , called Broad Line Region, since the charac-
teristic emission lines sent by this luminous moving matter are highly broadened
due to the Doppler effect.[26] Further away these ionized clouds move only with
velocities of 100 km

s , i.e. the emission lines are less broadened, we call this
region the Narrow Line Region. Depending on the presence or absence of
the broad emission lines AGN are classified into Type I or Type II which is of

10



3 POSSIBLE SOURCES

course connected to the angle between the rotation axis and the direction of our
observation.

In the centre of AGN a Super Massive Black Hole is located. Matter
from the accretion disk falls into the black hole.[29] The gravitational energy is
mainly dissipated into rotational energy which is dissipated again into thermal
energy because of turbulences and shearing mechanisms. Finally the thermal
energy is dissipated into radiation energy.[25] Even before reaching the event
horizon the radiation process gets so strong that the AGN gains its characteristic
luminosity.

Close to the super massive black hole plasma is ejected to distances up to
several Mpc perpendicular to the accretion disk. Mainly by the effect of Lorentz
force the matter is collimated into a Jet. At the end of it, where the plasma
hits the interstellar medium hot regions occur, called Hot Spots.[29]

AGN can be classified with respect to many different properties like spectral
or morphological differences. Many of them are shared by a number of different
types but they can be distinguished more or less by other properties. The most
important types of AGN will be described below and at the end of the section
a table compares their most important properties.

3.1.1 Quasars

The most luminous AGN type is given by a Quasar. It is the generic term
for quasi stellar objects which are radio quiet and quasi stellar radio sources
which are radio loud. The highly red shifted spectrum of the Quasars gives a
hint that they are extragalactic objects with distances of some Mpc to several
hundred Mpc. Although Quasars can occur in every type of galaxy most of
them are found in elliptical galaxies. About 90 % of all Quasars can be attached
to Type I AGN whereas only 10% are in Type II AGN. It turned out that the
fraction of Type II AGN decreases by increasing luminosity. This leads to the
assumption that the geometrical effect is not the only one which accounts the
origin of both types. A possible explanation could be that the strong radiation
pressure of very bright Quasars blows away the dusty torus and thus leads to
a Type I. Radio quiet Quasars which seem to be more numerous than radio
loud ones appear to have a spectrum similar to that of Seyfert galaxies showing
broad emission lines, weak absorption lines, if at all, and powerful ultraviolet
and X-ray emission, however, the activity of Quasars is stronger. Radio loud
Quasars have a morphology similar to that of radio galaxies differing only by
the smaller scale. In many Quasars radio jets only can be detected at one side
of the nucleus.

Blazars A subclass of quasars which only occurs in elliptical galaxies is called
Blazar. Blazars possess distinctive jets which are adjusted more or less into
the direction of the observer. That is the reason why often only one jet can
be detected. The Blazars emit γ-radiation up to energies of TeV which is even
higher than for Quasars.

11
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3.1.2 Seyfert Galaxies

Seyfert galaxies, named after their explorer Carl K. Seyfert, are lower-luminosity
members of AGN. They mainly occur in spiral galaxies. The spectrum is similar
to that of Quasars but with less activity. The emission lines are similar to those
of low ionisation nuclear emission line regions (see below) regarding the width
but with less power. Their jets are also less distinctive than in the case of
Quasars and radio galaxies.

3.1.3 Radio Galaxies

Radio galaxies are radio loud objects with small luminosity. Most radio emission
is send from radio lobes far outside the galaxy linked to the nucleus by jets,
therefore all radio galaxies have strong jets. The morphology is similar to that
of Quasars but on larger scales. Radio galaxies are elliptical or elliptical-like.
They can be divided into Type I and Type II because of their emission spectrum
and therefore can be seen as radio loud Seyfert galaxies. Additionally high-z
radio galaxies can be found. The large red shift allows the analysis of jets in
the early Universe which differ from those emitted recently.

3.1.4 Low Ionisation Nuclear Emission Line Regions

The most common type of AGN is the low ionisation nuclear emission line region
(LINER). In this case the emitting region within the nucleus is low ionized.
LINERs are located mainly in spiral galaxies, nearly 50% of all spiral galaxies
contain detectable LINERs, but every early type galaxy may be a host galaxy.
LINERs have a small luminosity with a spectrum which is very similar to that
of Type II Seyfert galaxies. It shows weak broad emission lines, whereas also
narrow ones can be seen. LINERs also emit radio synchrotron radiation which
is similar to that of radio galaxies, but with less intensity.

3.1.5 BL Lac Objects

The name of this further type of AGN is derived from the first discovery of a BL
Lac Object in the constellation of Lacerta which was classified to be a variable
star and following the convention to name variable stars with alphabetic ongoing
indices it was called BL. Long time later it was found out that these objects were
only looking star-like but are extragalactic. BL Lac Objects occur in elliptical
galaxies. This is supported by the absence of emission and absorption lines
which is a sign of a missing gas disk and typical for this type of galaxies. The
jet is pointing directly into the observers direction.

3.1.6 Ultra Luminous Infra Red Galaxies

Ultra Luminous Infra Red Galaxies (ULIRGs) are identified by their extreme
luminosity in the infra red region, whereas they also show activity in the X-ray
region. They occur in the same order of magnitude as the Seyfert galaxies and
are even more common than Quasars. Powered by both star burst and AGN
they can be regarded as a type of AGN.[29][34]

12
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Type Host Galaxy Inclination Spectrum
Quasar all (elliptical) Type I and II IR, UV, X-ray, (radio)
Blazar elliptical small γ
Seyfert spiral Type I and II IR, UV, X-ray
Radio elliptical Type I and II radio
LINER spiral (all early) high radio, narrow emission lines
BL Lac elliptical very small optical, radio, IR

no emission/absorption lines
ULIRG all high IR, X-ray

Table 1: Comparison of the most important properties of the AGN types de-
scribed above

3.1.7 Estimation of reachable energies

Now it will be discussed which energies can be reached by particles accelerated
in different regions of an AGN.

For the central regions of AGN R and B can be estimated to be

B ≈ 0.02 pc (4)
and R ≈ 5 G. (5)

[33] Using the formula by Hillas (eq.3) this values lead to an energy in the
order of 1019 eV for protons and 1020 eV for iron. So the centre of AGN is
unlikely to be source of cosmic rays with energies above 1020 eV but could be
the origin for cosmic rays up to some 1019 eV or 1020 eV respectively.

But there are important effects, which influence the reachable energy: the
energy loss due to synchrotron and Compton processes and the energy gain due
to acceleration. Taking these processes into their calculation Norman et al [14]
came to the result that neither protons nor heavy nuclei can escape from the
central region with energies above some 1016 eV.

There are some more suggestions [19][2][18][12] which try to explain the
highest energies for protons or heavy nuclei if they escape from the centre of
AGN, but all of them lead to the same result, that the central regions of AGN
are unlikely to be sources of the ultra high energy cosmic rays.

To avoid this problem the acceleration site is located outside the centre. Inter-
esting regions which hold this idea are the hot spots of radio galaxies. Because
of the small density of photons in this region the energy loss due to photo-pion
production is not significant. However, the magnetic field is the most uncertain
parameter. Taking ideal values for the magnetic field strength maximised en-
ergies of up to 1021 eV are possible. So these regions could serve as sources for
cosmic rays with energies above 1020 eV.

Using the radio galaxies that correlate with the arrival directions of the
high energy cosmic rays another problem occurs. Most of these galaxies have
distances > 100 Mpc from Earth,[33] i.e. that the GZK effect would prevent
particles from reaching the Earth with such high energies even if they had had
them at the source. However radio galaxies with less distances, e.g. Cen A, are
good candidates to accelerate particles up to highest energies.
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3.2 Pulsars

Pulsars are rotating neutron stars with strong magnetic fields (see fig.10). The
magnetic field produces a jet of electromagnetic radiation which is send at the
axis of the magnetic field. If this axis is inclined to the axis of rotation a
pulsating signal is observed at Earth.[21]

Figure 10: Schematic view of a pulsar. The axis of the magnetic field is inclined
to the axis of rotation. At the axis of the magnetic field jets of electromagnetic
radiation are ejected.[27]

Pulsars are galactic objects. Therefore they occur mainly within the galactic
plain. At the moment about 1700 pulsars are known.[27]

In the following the origin of pulsars will be described explaining their prop-
erties.

Neutron stars result from very massive stars. The lifetime of stars is limited
by their mass. The fusion of hydrogen and helium in the inner produces enough
pressure to stop the collapse caused by gravitational force. In the case of massive
stars fusion goes on until the nucleus consists of iron which is the end of fusion
processes where energy can be obtained. The nucleus region collapses squeezing
the atoms together if the mass of the nucleus is in the order of 1.9 M� ≤ M ≤
2.5 M�, where M� is the mass of the sun. A recombination producing neutrons
and neutrinos starts:

14
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e− + p → n + νe (6)

The collapse creates a shock wave ejecting the matter from the outer regions.
The star explodes in a supernova leaving a neutron star.[21]

As a result of the collapse neutron stars have a radius of only (10− 15) km
and are very dense with ρ = 1014 g

cm3 . The gravitational force is 1011 times
stronger than on the ground of the Earth. Neutron stars rotate faster than the
origin stars due to the conservation of angular momentum and the downsizing
in diameter. The frequence of rotation is in the order of 1 ms. Additionally the
conservation of flux causes a magnetic field which is 106 − 108 times stronger
than before.[31] The absolute value of the magnetic field is between 108 G and
1012 G.[21]

Because of their strong magnetic fields and their high rotational frequency
pulsars build up strong electrical fields. These can be used to accelerate particles
directly.

Acceleration in pulsars is possible up to energies of 1021 eV in principle.
In reality the potential drop along the magnetic field lines which is causing
the acceleration is short-circuited due to electrons and positrons which move
in opposite directions along the magnetic field lines and interact with each
other taking energy out of the system. Therefore acceleration of particles to
energies above 1015 eV in isolated neutron stars is hard to get.[33] Some other
calculations based on accretion disk models [44][43] were made but they are not
able to accelerate particles to higher energies.

Magnetars which are pulsars with even higher magnetic fields of up to 1015 G
have more energy for the acceleration of particles but it is not sure if the prob-
lems due to the energy loss processes can be avoided.[33]

It was suggested that relativistic magnetohydrodynamic winds could accel-
erate iron ions to energies above 1020 eV[1], these could reach Earth without
much energy loss. The composition should be highly dominated by iron in this
case, but that is not supported by the date of the Auger Observatory.

There is some evidence that supernova remnants could be possible sources,
so they will be analysed here as well.

3.3 Supernova Remnants

As explained above at the end of the life of a massive star a supernova takes
place. The nucleus region collapses and creates a shock wave ejecting the matter
from the outer regions. The shock wave of ejected matter is called supernova
remnant (SNR).[21] At the beginning it moves with a velocity of 10, 000 km

s but
this decreases continuously and after 106 a and at a dimension of 100 pc the SNR
disintegrates moving now with the same velocity as the interstellar medium.[3]

Unless the acceleration mechanism works very efficient supernova remnants
are not able to accelerate particles to energies above 1014 eV since the size of
the acceleration region is too small.[13]

15
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3.4 Gamma Ray Bursts

Gamma ray bursts (GRBs) are very short (some ms to 100 s) radiation bursts of
high energy γs. About one GRB is observed each day, distributed isotropically
at the sky.[24] The number of γs which are produced by a single GRB is in the
order of 1059.[39] Depending of their duration GRBs can be divide into long and
short ones.

Short GRBs last less than 2 s and result from the mergence of compact
objects like neutron stars and black holes. Energies of (1059 − 1061) eV can be
set free.

Long GRBs last longer than 2 s and occur whenever young massive stars
collapse and explode in a supernova creating energies of (1062 − 1064) eV.[24]
The γ-emission is strongly focussed.[24] Months after the GRB a afterglow in
form of a X-ray flash can be observed.[39] A more detailed description of the
evolution will follow in context with the cannonball model.[24]

The acceleration takes place all along the way of the cannonball, R ≈ 180 pc,
until the energy is depleted. Typical magnetic fields in Cannonballs are B ≈ 3 G.
Using this data and the formula of Hillas (3) energies above 1021eV can be
reached.

4 Acceleration Mechanisms

In the next sections acceleration mechanisms which occur in connection with
the sources mentioned above will be analysed.

4.1 Fermi Acceleration

The Fermi acceleration can be structured into two different types. Since the
second order Fermi acceleration is basic for the first order acceleration it will be
described here first.

4.1.1 Second Order Fermi Acceleration

The acceleration takes place e.g. in jets of AGN and shock waves of supernova
remnants and is the fundament of most acceleration mechanisms. Particles
diffusing through a plasma scatter off magnetic inhomogeneities.[28] The process
is shown in figure 11

Regions of magnetised plasma, called magnetised clouds, move with veloci-
ties of about 15 km

s . If a particle enters the cloud it is scattered off the magnetic
inhomogeneities. In case the cloud moves away the particle will loose energy in
this process, otherwise it will gain energy. Because it is less often that clouds
move away the particle gains energy in average. In the rest system of the cloud
the scattering is collision less and the energy is constant. The direction of scat-
ter and also the direction the particle leaves the cloud are distributed randomly.
With that information the energy gain can be calculated to be

< ∆E >

E
=

1 + β2

3

1− β2
∼=

4
3
β2, (7)
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where E is the energy, < ∆E > is the mean energy difference and β = v
c .

Because of the dependence of β2 the gain of energy is very small.[35][41]

Figure 11: Acceleration at magnetised clouds - Fermi II. The particles are de-
flected by magnetic inhomogeneities and gain energy.[37]

4.1.2 First Order Fermi Acceleration

This type of acceleration works in the propagating plasma of shock waves, e.g.
of supernova remnants. Its mechanism is demonstrated in figure 12 and will be
described below.

If the shock front propagates with velocity U through the interstellar medium
the plasma gets shocked and creates turbulent magnetic fields. In the rest sys-
tem of the shock front the unshocked comes nearer with the velocity U while
the shocked plasm moves away with 1

4U which can be calculated from thermo-
dynamics.

In the rest system of a particle within the unshocked plasma which will be
accelerated the shocked material moves towards it with velocity 3

4U . Therefore
the particle enters the shocked medium and is accelerated within the magnetic
inhomogeneities on the mechanism of Fermi II until it gained so much energy
that it can be regarded as a part of the shocked medium. Then the unshocked
material moves towards the particle with 3

4U and the particle enters it. Again
it is accelerated by the magnetic inhomogeneities on Fermi II mechanism.

This process leads to the conclusion that the particle will move through the
shock front, and gain some energy each time, until the energy of the shock front
is completely consumed. Then the particle, which now has ultra high energy, is
set free and can be detected at Earth.[37]
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The mean gain in energy for strong shocks is given by

< ∆E >

E
=

1 +
4β2

plasma

3 +
4β2

plasma

9

1− β2
plasma − 1

∼=
4
3
βplasma

∼= βshock, (8)

where E is the energy, < ∆E > is the mean energy difference and β = v
c . In

this case the energy gain is linear in βshock, i.e. it is stronger than for Fermi
II.[41] Therefore, this acceleration mechanism is well suited to be accelerator of
ultra high energy cosmic rays.

Figure 12: Acceleration at shock front - Fermi I. Independent of the position of
the particle with regard to the shock front the shock front moves towards the
particle in its rest system. It penetrates the shock front and is accelerated by
magnetic inhomogeneities in the way of Fermi II acceleration. The accelerated
particle is given into the environment if the shock front has lost its energy and
disintegrates.[37]

4.2 Shear Acceleration

Shear accelleration occurs in powerful astrophysical jets. The acceleration takes
place if energetic particles encounter a region with different local flow velocities.
They scatter elastically off small scale inhomogeneities in the magnetic field and
are accelerated.

In the co-moving flow frame where the electrical field vanishes the particle
momentum is randomized in direction but the magnitude is conserved. The rest
frame of the scattering centres is equal to that of the background flow. Therefore
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the particles gain no energy or momentum in scattering processes if there is no
shear and the flow is not diverging. The shear in the background flow makes
the particle momentum change relative to the flow when travelling across the
shear. Because in the local flow frame the particle momentum is preserved in
subsequent scattering events the particle momentum increases.

There are three possible velocity shear sites:

� gradual velocity shear parallel to the jet axis and a velocity profile which
is decreasing outward linearly

� gradual velocity shear perpendicular to the jet axis

� non gradual (discontinuous) longitudinal velocity shear at the jet side
boundary

The gradual velocity shear parallel to the jet axis is caused by interactions
between the jet and the ambient medium. Because the velocity changes con-
tinuously within the shear region and the mean free path is much smaller than
the transverse scale of the shear region energetic particles experience a gradual
shear profile. Jets are structured in layers of the same velocity, while inner ones
are faster than outer ones. The acceleration works well for protons because
synchrotron losses are not able to stop the acceleration once it works efficiently
as it would be in the case of electrons. The acceleration of particles will go on
until the particle escapes.

The gradual velocity shear perpendicular to the jet axis is caused by the
intrinsic rotation of the jet. This substantial rotation is required for efficient
acceleration. As described above the acceleration process can not be stopped
by synchrotron losses once it works efficiently.

In case of the non gradual longitudinal velocity shear at the jet side boundary
the mean free path is larger than the transversal width of the layer, i.e. the par-
ticle passes the jet unaffected experiencing a discontinuous drop in velocity. The
acceleration is caused by the scatter of particles off magnetic inhomogeneities
and works nearly all along the jet which makes it even more efficient.[16]

Unless the acceleration mechanism is efficient for protons more than for
electrons, gradual shear flow is only able to accelerate protons up to 1019 eV.
Non gradual shear acceleration is able to reach even higher energies, up to
1020 eV but that is not enough to explain the extreme high energy cosmic rays
we observe.[17]

4.3 Cannonball Model

The cannonball model is an acceleration mechanism which takes place in con-
nection with GRBs. It is able to explain the observation of long GRBs and to
accelerate particles up to highest energies. A demonstration of the process is
given in figure 13.

Cannonballs can be understood as a type of jets. About once a month two
oppositely directed cannonballs are sent by the black hole caused by matter,
e.g. from a supernova explosion, which is falling into the black hole.[39]
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Figure 13: Cannonball model. A supernova leaves a black hole with an accre-
tion disk around it. If matter from the accretion disk falls into the direction
of the black hole it is ejected in cannonballs. At the moment the cannonball
penetrates the shock front of the supernova remnant the ambient light interacts
with the electrons within the cannonball (Inverse Compton scattering) and gains
energy, the Gamma ray burst. Electrons and nuclei are deflected by magnetic
inhomogeneities within the magnetic field. Nuclei gain energy and are accel-
erated whereas electrons emit synchrotron radiation which can be seen as the
afterglow.[39]

If the cannonball penetrates the shock front of the supernova remnant the
electrons within it start inverse Compton scattering with the ambient light. In
this process the photons gain energy and are emitted within only small deflection
into the direction of the cannonballs moving direction. Depending on the energy
of the photons we distinguish between GRBs and X-ray flashes. On their way
through the interstellar medium they ionise it.

Within the cannonball, which is moving through the ionised interstellar
medium turbulent magnetic fields are created. If electrons and nuclei from
the interstellar medium enter the cannonball they are deflected by the mag-
netic field due to Fermi II acceleration and become cosmic rays. Whereas the
electrons loose some energy due to synchrotron radiation and therefore cannot
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reach the highest energies, in contrast to multiple charged nuclei, which can be
accelerated up to energies of 1021 eV[39]

5 Calculation Example

Under the assumption that the sources are distributed homogeneous and emit
high energy cosmic rays in every direction in the same way it can be checked
if different models which want to explain the origin of ultra high energy cosmic
rays are able to explain the flux measured on Earth.

If there was only one source responsible for all cosmic rays it should account
for all the flux. Therefore, the flux is in a distance rs from the source

Φs =
dNs

dt

4πr2
s

, (9)

where Φs is the flux from one source and dNs

dt is the event rate. If we consider
many sources it is necessary to integrate over the whole volume to get the overall
flux. The source density is defined to be constant for a special type of sources.
The GZK effect is considered by taking a constant value of 100 Mpc for the
horizon and making a strict limit there. For a spherical-symmetrical detector
the flux can be calculated by

Φall =
∫

ΦsρsdV = 4π

∫ R

0

dNs

dt

4πr2
s

ρsr
2
sdrs =

dNs

dt
ρsR. (10)

In this analysis the flux has to be tested by using data from the Auger
Observatory. The flux measured by Auger is multiplied by a factor of 4π to get
the value of ΦAll since the Auger result is normalised to a sr. The equation can
be transformed as follows:

ΦAll = 4πΦAuger =
dNs

dt
ρsR (11)

ρs =
4πΦAuger

dNs

dt R
(12)
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Figure 14: Energy spectrum measured by surface detectors of Auger
Observatory.[42]

The flux measured by Auger can be taken out of figure 14 for a certain
energy bin, i.e. the entry of that bin is multiplied by its width. For energies
around 45 EeV it is 1026 1

(Mpc)2(yr)(sr) . By variation of Ns one gets the plot of
figure 15.

Now several models can be tested. For example taking the source density
of the AGN from the Veron-Cetty Veron catalogue, depending on the source
model this is ((10−5 to 10−3) 1

(Mpc)3 ), a value of (1028 to 1030) 1
yr for the number

of particles appears.

This value can be compared with the number of photons which are emitted
in a GRB. Using the total energy of a GRB of about 1063 eV and the energy of
a single photon of about 1 TeV, it turns out that 1051 photons are emitted in
each GRB. In contrast to that the number of particles calculated above seems
to be small. To interpret the result correctly a more detailed analysis of the
single models would be necessary, which could be done in further studies.
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Figure 15: Source density vs event rate.

6 Conclusion

After having studied the different types of possible sources and acceleration
mechanisms it turned out that the amount of different models is enormous but
only some of them are able to explain the observations. At the moment it is not
possible to make a sure statement of the processes which lead to the ultra high
energy cosmic rays we are able to observe.

The results of the Pierre Auger Observatory are an important step towards
the understanding of ultra high energy cosmic rays unless many questions are
not answered yet and will need some more time of research.

From the sources I observed in my thesis AGN, in particular the hot spots,
and GRB turned out to be well suited for acceleration of particles to ultra
high energies. Second order Fermi acceleration is the fundament of nearly all
acceleration mechanisms unless it is very inefficient on its own and can not reach
high energies. First order Fermi acceleration and the cannonball model seem to
be good candidates of acceleration.
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In the table below the different possible sources and acceleration mechanisms
I analysed are compared, showing the energies which can be gained.

Source Acceleration Mechanism Reachable Energy (eV)
Supernova Fermi I 1014

Pulsar electric field 1015

AGN Fermi I 1021

GRB Cannonball 1021

Table 2: Comparison of the efficiency of different sources and acceleration mech-
anisms.
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