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Abstract
We briefly review the basics of ultrahigh-energy cosmic-rayacceleration. The
Hillas criterion is introduced as a geometrical criterion that must be fulfilled
by potential acceleration sites, and energy losses are taken into account in or-
der to obtain a more realistic scenario. The different available acceleration
mechanisms are presented, with special emphasis on Fermi shock acceleration
and its prediction of a power-law cosmic-ray energy spectrum. We conclude
that first-order Fermi acceleration, though not entirely satisfactory, is the most
promising mechanism for explaining the ultra-high-energycosmic-ray flux.

A copy of the slides presented during the oral report at the school can be found at the URL below
http://cern.ch/PhysicSchool/LatAmSchool/2009/Presentations/pDG1.pdf

1 Introduction

In 1912, Victor Hess, using a balloon flight, measured the intensity of the ionizing radiation as a function
of altitude. This date represents the begining of the history of cosmic rays. Since then, we have learned
about many of their features, such as their large energy span(1–1020 eV), their composition (they are
made up of protons, nuclei, electrons and other charged particles), and the behaviour, as a function of
energy, of their flux.

However, the source and origin of the highest-energy cosmicrays still elude us [1, 2]. There
are two general approaches: in top-down scenarios [3], cosmic rays are produced as secondaries of the
decay of heavy particles, while in bottom-up scenarios, theenergetic cosmic-ray protons and nuclei are
accelerated within regions of intense magnetic fields. During recent years, experiments like AGASA
[4, 5] and HiRes [6] have been trying to answer these questions. A newly-built experiment, the Pierre
Auger Observatory, has performed observations [7] that hint at active galactic nuclei—galaxies with a
supermassive central black hole—as sources of the highest-energy cosmic rays. A plot of the differential
cosmic-ray energy spectrum, produced with data from several experiments, is shown in Figure 1.
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Fig. 1: Cosmic-ray differential energy spectrum, reconstructed from air showers observed by various experiments.
The grey box is the region where direct observations of cosmic rays have been made. The spectrum has been
multiplied byE2.7 to enhance the kinks due to changes in the spectral index: thefirst one near1015−1016 eV (the
knee), the second one at1017 eV (thesecond knee) and the last one around1019 eV (theankle). Figure extracted
from Ref. [8]

The purpose of this review is to give a brief description of the general constraints on acceleration
sites, as well as of the first- and second-order Fermi acceleration mechanism. For a more in-depth review
of the theory and observation of cosmic rays, the reader can consult, for example, Refs. [9,10].

2 General constraints on acceleration sites

In order to be considered as a possible source of ultra-high-energy cosmic rays (UHECRs), an astrophys-
ical object has to fulfil several conditions [11]:

– geometry: the accelerated particle should be maintained within the object during the acceleration
process;

– power: the source should be able to provide the necessary energy for the accelerated particles;

– radiation losses: within the accelerating field the energy gained by a particle should be no less
than its radiation energy loss;

– interaction losses: the energy lost by a particle due to its interaction with other particles should
not be greater than its energy gain;

– emissivity: the density and power of sources must be enough to account for the observed UHECR
flux;

– coexisting radiation: the accompanying photon and neutrino flux, and the low-energy cosmic-ray
flux, should not be greater than the observed fluxes (this constraint must be satisfied by the flux
from a single source and by the diffuse flux).
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Fig. 2: Hillas plot. Sources above the top (red) line are able to accelerate protons up to1021 eV, while sources
above the bottom (green) line are able to accelerate iron up to 1020 eV. Figure reproduced from Ref. [12]

2.1 The Hillas criterion

If a particle escapes from the region where it was being accelerated, it will be unable to gain more energy.
This situation imposes a limit on its maximum energy that canbe expressed as follows:

εmax = qBR , (1)

whereq is the electric charge of the accelerated particle,B is the magnetic field, andR is the size of the
accelerator. Equation (1) is obtained by demanding that theLarmor radius of the particle,RL = ε/ (qB),
not exceed the size of the acceleration region. This is a general geometrical criterion known as theHillas
criterion, and is useful in selecting potential acceleration sites.

Figure 2 is an example of a Hillas plot which, for a given maximum energyεmax of the accelerated
particle, shows the relation between the source’s magneticfield strengthB and its sizeR. Sources above
the top line are able to accelerate protons up to1021 eV, while sources above the bottom line are able to
accelerate iron up to1020 eV.

A more realistic description of particle acceleration takes into account the energy lost during the
process. The maximum energy that a particle can obtain in an accelerator if energy losses are accounted
for is given by the solution ofdε(+)/dt = dε(−)/dt, i.e., the situation where energy lost and gained is
equal. The maximum energy of the particle is hence given by the minimum between the value obtained
from this equality and the one obtained from the Hillas criterion. Hillas plots for proton and iron taking
into account energy losses are shown in Figure 3.

UHECRs are believed to have both a galactic (for energies below the knee) [13] and an extra-
galactic (above the knee) component [14]. Some potential galactic sources include type II supernovae,
pulsars and shock acceleration in supernova remnants, while extragalactic ones include active galaxies
and gamma-ray bursts.

3 General forms of acceleration

3.1 Inductive acceleration mechanism

This mechanism is also calledone-shot accelerationand occurs when a particle is accelerated in a con-
tinuous way by an ordered field [see Figure 4(a)]. Radiation losses from accelerated charged particles
moving at relativistic velocities are composed of two terms[11], attributed to synchrotron and curvature
radiation.
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3.1.1 One-shot acceleration with synchrotron-dominated losses

In this regime the maximum energy is given by

εs =

√
3

2

m2

q3/2
B−1/2 , (2)

whereB is the strength of the magnetic field, andm, q are the mass and charge of the particle, respec-
tively. This notation will be valid for the sections below.

3.1.2 One-shot acceleration with curvature-dominated losses

In the special case when−→v //
−→
E//

−→
B , curvature losses dominate. This might be the situation in the

vicinity of neutron stars and black holes. The corresponding maximum energy is

εc =
3

2

1/4 m

q1/4
B1/4R1/2 . (3)

3.2 Diffusive acceleration

In this mechanism the particle is accelerated in bursts, as aresult of its interaction with regions of
high magnetic field intensity, as shown in Figure 4(b). The maximum energy, considering synchrotron-
dominated losses, is [11]

εd ≃ 3

2

m4

q4
B−2R−1 . (4)

Diffusive acceleration, and in particular Fermi acceleration (see next Section) is the preferred accelera-
tion mechanism in bottom-up scenarios of cosmic-ray production.
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Fig. 3: (a) Hillas plot for 1020 eV protons, including energy losses. The thick line is the lower boundary due to
the Hillas criterion. The light grey region is allowed by one-shot acceleration with curvature-dominated losses,
the grey region is allowed by one-shot acceleration with synchrotron-dominated losses, and the dark grey region
is allowed by both one-shot and diffusive acceleration.(b) Same plot for1020 eV iron nuclei. Figures reproduced
from Ref. [11]
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(a) (b)

Fig. 4: (a) One-shot acceleration.(b) Diffusive shock acceleration

(a) (b)

Fig. 5: (a) Second-order Fermi acceleration.(b) First-order Fermi acceleration.

4 Fermi acceleration

4.1 Second-order Fermi acceleration

This first version of the Fermi acceleration mechanism (later dubbedsecond-order acceleration) was
proposed by Enrico Fermi in 1949 [15] and explains the acceleration of relativistic particles by means
of their collision with interstellar clouds. These clouds move randomly and act as ’magnetic mirrors’, so
that the particles are reflected off them, as shown in Figure 5(a).

After some calculations [12,16] it can be shown that the average energy gain per collision is
〈
∆E

E

〉
=

8

3

(v
c

)2
, (5)

wherev and c are the speed of the cloud and of the particle, respectively.The average energy gain
is proportional to(v/c)2: the process is known as “second-order” acceleration owingto the value of
the exponent. If we calculate the average time between collisions, an energy rate can be derived from
Equation (5):

dE

dt
=

4

3

(
v2

cL

)
E = αE, (6)

whereL is the mean free path between clouds, along the field lines. Itis possible to find the energy
spectrumN (E) by solving a diffusion-loss equation in the steady state andconsidering this energy rate,
plus the assumption thatτesc is the characteristic time for a particle to remain in the accelerating region.
In so doing, one finds that

N (E) dE = const.× E1+ 1
ατesc dE . (7)

Even though second-order acceleration succeeds in generating a power-law spectrum, it is not a com-
pletely satisfactory mechanism. First, on account of the observed low cloud density, the energy gain
is very slow. Second, the mechanism fails to explain the observed value of 2.7 for the exponent in the
power-law spectrum: the value of the exponent is determinedby the uncertain value of the combination
ατesc.
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4.2 First-order Fermi acceleration

Before we discuss first-order Fermi acceleration it is convenient to formulate the Fermi mechanism in a
more general and simple way, valid for both the second- and first-order versions. For that purpose, we
define the average energy of the particle after one collisionasE = βE0, with E0 the energy before the
collision, andP as the probability that the particle remains, after one collision, inside the acceleration
region. Aftern collisions, we haveN = N0P

n particles with energiesE = E0β
n. Hence the energy

spectrum results in

N(E)dE = const.× E−1+ lnP
lnβ dE . (8)

It is clear that in this approach, which exhibits the expected power law, the parametersP andβ can be
translated into the ones that were found for the Fermi second-order mechanism, and are also going to be
applied to the first-order one.

The goal of the first-order acceleration mechanism is to obtain an energy gain that is linear in
(v/c), a condition that would make the acceleration process more effective, especially at relatively high
values ofv. This set-up will occur when the relativistic particles collide with strong shock waves (e.g.,
like those produced in supernova explosions, active galactic nuclei, etc.), which can reach supersonic
velocities (103 times the velocity of an interstellar cloud).

Owing to the turbulence behind the shock and the irregularities in front of it, the particle velocity
distribution is isotropic in the frames of reference where the interstellar gas is at rest on either side of the
shock. Consequently, there is a complete symmetry when a high-energy particle crosses the shock from
downstream to upstream or from upstream to downstream; thisis illustrated in Figure 5(b).

In both types of crossing, the particle gains energy. It is possible to show [16] that in a round trip
the average energy gain is given by 〈

∆E

E

〉
=

4

3

(v
c

)
. (9)

Another quantity that must be considered is the particle escape probabilityPesc (equivalent to1 − P )
from the shock. Using kinetic theory, one obtains

Pesc=
4

3

(v
c

)
. (10)

Replacing these two parameters in Equation (8), we get

N (E) dE = const.× E−2 dE . (11)

In spite of not having obtained the observed exponent of 2.7 yet, the first-order mechanism is very
promising, being the most effective and probable one, sinceshock waves are expected to be present in
different astrophysical enviroments. In addition, in contrast to the second-order mechanism, here we find
a fixed numerical value for the exponent.

5 Summary

We have presented a brief review of the mechanisms that couldaccelerate particles up to high energies
(1020 eV) at galactic and extragalactic astrophysical sites. These mechanisms must fulfil a series of
general requirementes, which include geometrical and energetical constraints. Among these, the Hillas
criterion, a geometrical constraint on the size of the acceleration region, is most useful in selecting
potential sources of cosmic rays. We have also presented twogeneral forms of acceleration: one-shot
acceleration, which requires ordered magnetic fields, and diffusive acceleration, in which particles gain
energy by bouncing off random magnetic clouds. The latter type of acceleration includes Fermi shock
acceleration, which correctly predicts a power-law cosmic-ray energy spectrum, albeit with a different
exponent than the one that has been measured. Of the two versions of the Fermi mechanism, the first-
order seems to be the most promising one to explain the ultra-high-energy cosmic-ray flux, even though
it does not manage to predict the observed spectral index.
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