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2 Theory of air showers

2.1 Introduction

As was already explained in Chapter 1, air showers (or cosmic-ray showers) 

are cascades created by the interaction of  a cosmic ray with the atmosphere. 

During  this  primary  interaction  several  high-energy  secondary  particles  are 

created.  These  in  turn  also  interact  with  the  atmosphere,  creating  more 

secondaries, and eventually forming an extensive avalanche of particles. If the 

energy of the primary cosmic ray is sufficiently high, air showers can consist of 

millions or even billions of particles such as electrons, positrons, pions, muons, 

gammas and neutrinos. Figure 1.3 on p. 4 shows a graphic representation of an 

air shower.

2.2 Heitler's toy model

Several important properties of cosmic-ray cascades can be easily understood 

by considering a simple toy model that was originally developed by Heitler [52]. 

In this model, a cascade of particles is considered; these particles are all of the 

same type and interact after a fixed interaction length λ . At the interaction, two 

new particles are created, each of them carrying one half of the energy of the 

original particle.

The original particle, the primary cosmic ray, enters the atmosphere, carrying 

an energy E0 . After travelling a distance λ  an interaction occurs, after which the 

shower consists of two particles, each carrying E0 /2 . When both particles have 

travelled  another  distance λ ,  two  more  interactions  occur;  the  shower  now 

consists of 4 particles, each carrying E0 /4 . After each interaction, the number of 

particles  doubles  while  the  energy  of  the  particles  is  halved.  This  process  is 

illustrated in Figure 2.1.
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 2   Theory of air showers

At depth X=d λ  the number of particles N  in the shower can be written as 

N=2d , and the energy per particle as E=E0/ 2
d
.

The number of particles in the toy shower keeps growing, until the energy per 

particle drops below a certain critical energy E c . At this point the particles lose 

the small  amount of energy they have left  and are absorbed. Just  before this 

happens,  the number of particles reaches a maximum, thus  E c=E0/ 2
dmax .  The 

maximum number of particles is then N max=E0/E c , while the maximum depth of 

the shower is X max=λ dmax=λ log2 E0/E c .

Although the model  is  extremely  simple,  the expressions  derived  for N max  

and X max  are of significance for actual air showers.  The maximum number of 

particles in the shower scales linearly with the primary particle energy, while the 

depth of the maximum in the atmosphere depends logarithmically on E0 .

Obviously, many adjustments can be made to make the model more realistic. 

The number of particles produced at an interaction is not always two, and neither 

is the energy equally  divided between them. When this is incorporated in the 

model, the number of particles in the shower will no longer drop immediately to 

zero after the shower maximum is reached. Instead, the number of particles will 
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Figure 2.1: Toy model of a developing cascade.
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gradually  decrease  after  the  shower  maximum,  more  similar  to  actual  air 

showers.

2.3 Hadronic showers

Hadronic showers are air showers that are initiated by a nucleon or a nucleus. 

To a first approximation, a nucleus can be considered as the superposition of 

several nucleons, and one may consider the cascade initiated by a nucleus as a 

superposition of cascades from nucleons. Thus, a hadronic shower is initiated by 

one or several nucleons.

In the primary interaction of  the shower,  several  mesons are created,  both 

charged and uncharged, roughly in a relative ratio of 2:1. To gain some insight, 

let  us  consider  a  model  where  all  created  mesons  are  pions,  in  the  same 

charged-to-uncharged ratio  of  2:1.  Since the lifetime of neutral  pions is very 

short, they almost always decay into two γ-rays. The charged pions however have 

a much longer  lifetime;  they can either  interact  or  decay.  Interacting  charged 

pions  form the next  step  in  the development  of  the  shower,  creating  a  new 

generation of charged and uncharged pions. Decaying charged pions will decay 

into muons and muon neutrinos; the former are observable at ground level.

In the early stages of the shower development, the per-particle energy is large, 

which gives the particles a high Lorentz factor. Because of this, charged pions are 

unlikely to decay and will almost always interact. When the per-particle energy is 

lower in the more advanced stages of shower development, decay probabilities 

for charged pions are much larger.

The air shower described above can be considered as a combination of three 

types of (sub-)showers:

■ the hadronic sub-shower;

■ the electromagnetic sub-shower;

■ the leptonic sub-shower.

Before the first interaction, the shower is 100 % hadronic, since there is only 

the  primary  particle.  Shortly  after  the  first  interaction,  67 %  of  the  shower's 

energy is in the hadronic sub-shower (π+ and  π-), while the remaining 33 % of 
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the energy is in the electromagnetic sub-shower (γ-rays from π0 decay). Thus, 

energy has been transferred from the hadronic to the electromagnetic part of the 

shower.

Since the per-particle energy is large the charged pions are unlikely to decay. 

Therefore we will assume they interact after having travelled a certain distance λ. 

Shortly after the second interactions, again 1/3 of the remaining energy of the 

hadronic  sub-shower  has been transferred to the electromagnetic  part  of  the 

shower. At this point in the shower's evolution, 44 %  49   of the shower's energy 

is  in  the  hadronic  sub-shower,  while  56 %  59  of  the  energy  is  in  the 

electromagnetic sub-shower.

In the “meantime”, the γ-rays of the electromagnetic sub-shower interact in 

processes  such  as  e+-e- pair  production  and  bremsstrahlung.  In  this 

electromagnetic  shower,  the  high  energy  of  the  initial  γ-rays  is  distributed 

among many electrons, positrons and photons. None of this energy is returned to 

the hadronic sub-shower.

At every hadronic interaction, energy is transferred from the hadronic to the 

electromagnetic part of the shower. This is referred to as the “feeding” of the 

electromagnetic shower. This process continues until the per-particle energy of 

the charged pions is low enough to make decay of these pions probable. When 

the charged pions decay, muons and muon neutrinos are formed, feeding the 

leptonic sub-shower while further depleting the hadronic sub-shower.

A numerical treatment of the model outlined above is given by Matthews [53].

2.4 Monte Carlo simulations of air showers

Before  powerful  computers  were  available,  air-shower  development  was 

studied analytically. Calculations were done on air showers that were initiated by 

a  high-energy  photon;  this  led  to  the  electromagnetic  cascade  theory.  This 

involves solving equations that account for particle production and particle loss. 

Effects  such  as  bremsstrahlung  and  pair-production  are  taken  into  account, 

amongst others. However, it is usually necessary to make several approximations 

as exact analytical solutions are impossible. Nevertheless, approximate formulas 
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for  X max  and  N X   have been derived; see, for example, Rossi and Greisen 

[54, 55, 56].

Monte  Carlo  simulations,  on  the  other  hand,  are  an  extremely  powerful 

method to study the development of air showers. Models for a large number of 

physics interactions can be included in the simulation. Since particles are tracked 

roughly  individually,  shower-to-shower  fluctuations  come  directly  out  of  the 

simulations,  as  well  as  the  lateral  distribution  of  the  particles.  The  energy 

dependence  of  the  cross  section  of  physics  interactions  can  be  taken  into 

account.  Since  computing  power  has  dramatically  increased  over  the  last 

decades, Monte Carlo simulations of air showers have become increasingly more 

powerful. Nowadays Monte Carlo simulations give a very good description of the 

development of a shower, including the shower-to-shower fluctuations.

An illustration of a result from Monte Carlo air-shower simulations is given in 

Figure 2.2. These simulations were performed with CORSIKA[57];  the plot  has 

been  taken  from  [58].  The  figure  shows  the  number  of  electrons N e  in  the 

shower as a function of the penetration depth X  in the atmosphere. This depth 

is given in units of g/cm2 to accommodate for the fact that the density of the 

atmosphere is not constant but a function of the altitude. The presented shower 

profiles have been averaged over 500 simulations, thus eliminating shower-to-

shower fluctuations.

For the figure,  shower developments have been simulated for  two different 

primary energies,  1014 and 1015 eV, as well  for two different primary particles, 

iron and protons.  The plot shows that  N e  increases by a factor  of  10 if  the 

energy  of  the  primary  cosmic  ray  is  increased  by  that  same  factor.  This  is 

consistent  with  the  linear  dependency  that  was  derived  from Heitler's  simple 

model. The depth of the shower maximum in the atmosphere is slightly larger for 

the simulations  of  the higher  energy.  And,  when comparing iron with  proton 

initiated showers at the same energy, it can be seen that the penetration depth of 

iron is clearly smaller. This can be attributed to the larger cross section of iron. 

Alternatively, one may consider an 1015 eV iron nucleus as a superposition of 56 

nuclei (or, roughly speaking, protons) with an energy of 1015/56 eV each.

For  each  of  these  four  scenarios  (two  possible  particles,  two  possible 

energies), four curves are plotted, indicating the physics interaction model that 
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was used in the simulations. Since these four curves are in close proximity to 

each other, it can be concluded that at these energies the interaction models are 

in good agreement.

The Pierre Auger Observatory has, as we shall see in Chapter 3, been built to 

study cosmic rays in the ultra-high energy regime (1018 eV and above). This is a 

much larger energy than that of  the simulations of  Figure 2.2. The results of 

vertical air-shower simulations at 1019 eV with CORSIKA are shown in Figure 2.3. 

This plot is from [59].

As could be expected for this ultra-high energy shower, both the maximum 

number  of  particles  and the depth  of  this  maximum in the atmosphere  have 

increased.  Also  the  difference  between  iron  and  protons  can  still  be  seen. 

However, what is different from Figure 2.2 is the agreement between the various 

22

Figure 2.2: Monte Carlo air-shower simulations, performed with CORSIKA. The 
plot shows longitudinal shower development for proton and iron induced showers 

at two different energies. For each profile, 500 simulation results have been 
averaged. Plot taken from [58].



 2   Theory of air showers

physics interaction models. The models give more divergent results in this higher 

energy  regime.  This  is  due  to  the  fact  that  the  physics  interactions  at  these 

energies  have  not  been  studied  in  the  laboratory  with  a  test  beam.  This  is 

because  accelerators  cannot  reach  energies  equivalent  of  1019 eV  in  the  lab 

frame. Therefore, results from laboratory measurement at lower energies had to 

be  extrapolated  to  the  ultra-high  energy  regime.  This  led  to  a  systematic 

uncertainty in the model predictions, especially for the hadronic interactions.
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Figure 2.3: Average longitudinal development of a 1019 eV air shower, as 
simulated with CORSIKA. The atmospheric depth at the Auger site is indicated by 

the dashed vertical line. Plot taken from [59].



 2   Theory of air showers

2.5 Radio emission by air showers

Research of radio emission by air showers started in the 1960s and the results 

of these studies are summarized in the 1971 review article by Allan [36]. In the 

article, Allan presents a phenomenological formula that describes the strength of 

the  electric  field Ɛ  (at  a  frequency f )  that  is  produced  by  an  extensive  air 

shower:

Ɛ f =20
E0

1017eV
sin cos exp 

−R
R0 f ,

V m−1MHz−1
(1)

In  this  formula,  E0  is  the  energy  of  the  primary  particle,    is 

the angle  between Earth's  magnetic  field  and the shower  axis,  and    is  the 

zenith angle of the shower axis. Further, R  is the distance between the observer 

and the  shower  axis  in  the frame  of  the shower,  and  R0  is  a  characteristic 

drop-off distance.

According to Allan's formula, the electric field strength:

■ scales linearly with the energy of the primary particle;

■ reduces exponentially with increasing distance from the shower axis;

■ is smaller for inclined events (large zenith angle  );

■ is larger if the angle between Earth's magnetic field and the shower axis is 

large, and zero if the shower moves parallel to the Earth's magnetic field.

When  the  experimental  detection  of  radio  signals  from  air  showers  was 

revisited by the CODALEMA and LOPES collaborations, the need arose for a more 

detailed  theoretical  understanding  of  these  radio  signals.  Which  physical 

processes  play  an  important  part  in  the  emission  mechanism,  and  which 

properties of the shower can be deduced from recorded radio signals?

Several  approaches have been made at modelling the radio emission by air 

showers. The radio-emission models can be distinguished into two main groups: 

the microscopic models and the macroscopic models. The microscopic models 

such as REAS2 and REAS3 make use of Monte Carlo simulations of air showers, 

and then describe the radiation that is emitted by each of the particles in the 
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shower. Macroscopic models on the other hand consider the shower as a whole, 

parametrising the global properties of the shower and considering the radiation 

that is emitted by the bulk movement of particles. An example of a macroscopic 

model is the MGMR model.

2.5.1 Microscopic modelling

The most prominent microscopic models of radio emission by air showers are 

REAS2 and REAS3, which are Monte Carlo based models. REAS2 is based on the 

geosynchrotron radiation model [60, 61], in which the radio signals are emitted 

by the electrons and positrons in the shower. These electrons and positrons are 

moving at  relativistic  speeds in  the shower  front,  and their  deflection  by the 

Earth's magnetic field causes the emission of synchrotron-like radiation.

REAS3 is a refinement of REAS2 and incorporates the radio emission due to the 

variation  of  the  number  of  charged  particles  during  the  evolution  of  the  air 

shower. REAS3 utilises an “end-point” formalism, in which the calculation of the 

radio emission is based on the complete underlying particle motion. REAS3 can 

therefore be seen as a more complete model than REAS2, which only described 

the emission of synchrotron-like radiation.

The REAS models do not simulate the air shower itself; for that the CORSIKA 

software is used (Section 2.4). The relevant properties of the simulated shower 

are stored in histograms, which can subsequently be opened by REAS2/REAS3, 

which in turn simulate the emission of the radiation.

Results  of  REAS2  simulations  are  discussed  by  Huege  et  al.  [62].  The 

differences between REAS2 and REAS3 are discussed by Ludwig and Huege [63].

2.5.2 Macroscopic modelling

As  an  example  of  a  macroscopic  model  we  will  consider  the  macroscopic 

geomagnetic  radiation  (MGMR)  model  [64, 65, 66].  The  model  considers  a 

(macroscopic)  transverse current that is created in the shower front of the air 

shower, as was first described by Kahn and Lerche in the 1960s [67].

Inside  an  air  shower,  the  electrons  and  positrons  in  the  shower  front  are 

moving at relativistic speeds in the Earth's magnetic field. Due to the effects of 
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the Lorentz force the electrons and positrons are pulled into opposite directions. 

The  bulk  movement  of  these  charged  particles  leads  to  the  creation  of  a 

macroscopic electric current. This current is moving at nearly the speed of light, 

as it takes place inside the shower front of the air shower. Because of the time 

variation of the amount of charged particles in the shower front, the macroscopic 

current also changes with time. This time variation of the current, in combination 

with  retardation  effects,  give  rise  to  the  radio  emission.  The  MGMR  model 

describes this emission process.

In addition to the radiation from the moving current, the MGMR model also 

includes  terms  for  the  radiation  that  is  a  result  of  the charge  excess  in  the 

shower  front  [68, 69].  To  a  first  approximation,  one  may  consider  the  total 

charge  of  the  particles  in  the  shower  front  to  be  neutral;  i.e.  roughly  equal 

amounts of positively and negatively charged particles. However, this balance can 

become  disturbed  as  a  result  of  knock  out  effects  (high-energy  Compton 

scattering) and positron annihilation. Therefore, the amount of electrons in an air 

shower is ~20 % larger than the number of positrons in the shower. [33, 70]

Both the microscopic REAS3 model and the macroscopic MGMR model describe 

the radiation that is  emitted by charges moving in the Earth's  magnetic  field. 

Therefore  the models  should be considered as complementary,  providing two 

different methods to describe the same physical process. The comparison of the 

differences and the common features of both models has led to an improved 

understanding  of  the  physics  that  is  involved.  Subsequently,  this  has  led  to 

convergence of the models.

A detailed comparison of REAS3 and MGMR simulations is discussed by Huege 

et al. [71]. Three graphs from this comparison, showing results of REAS3 and 

MGMR simulations in both the time- and frequency-domain, are reproduced in 

Figure 2.4.
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Figure 2.4: Comparison of REAS3 and MGMR simulation results. A vertical air 
shower with an energy of 1017 eV was simulated. The electric field was calculated 
at various distances from the shower axis. The (top) and (middle) figures compare 
radio pulses in the time domain for REAS3 and MGMR respectively. The (bottom) 
figure compares the radio signals in the frequency domain: REAS3 (thick lines) 

and MGMR (thin lines). Plots taken from [71].




