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Abstract: In this paper we describe a new release of the PRESHOWER program, a tool for Monte Carlo
simulation of propagation of ultra-high energy photons in the magnetic field of the Earth. The PRESHOWER
program is designed to calculate magnetic pair production and bremsstrahlung and should be used together
with other programs to simulate extensive air showers induced by photons. The main new features of the
PRESHOWER code include a much faster algorithm applied in the procedures of simulating the processes of
gamma conversion and bremsstrahlung, update of the geomagnetic field model, and a minor correction. The new
simulation procedure increases the flexibility of the code so that it can also be applied to other magnetic field
configurations such as, for example, encountered in the vicinity of the sun or neutron stars.
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1 Introduction
Identifying and understanding the sources of cosmic rays
with energies up to 1020 eV is one of the most impor-
tant questions in astroparticle physics (see, for example,
[1, 2, 3]). Knowing the fraction of photons in the flux of
ultra-high energy cosmic rays is of particular importance
as photons are unique messengers of particular source pro-
cesses (acceleration vs. decay of super-heavy particles or
other objects). They are also produced in interactions of
charged cosmic ray nuclei of the highest energies with
cosmic microwave background radiation, known as the
Greisen-Zatsepin-Kuzmin (GZK) effect. If the energy of
the cosmic ray particles exceeds the GZK energy threshold
at the source, ultra-high energy photons are produced due
to well-understood hadronic interactions with microwave
photons and can be detected at Earth as a unique propaga-
tion signature. So far only upper limits to the photon flux
at ultra-high energy exist, which have led to severe con-
straints on models for UHECR sources. However, depend-
ing on the primary cosmic ray composition, the sensitivi-
ty of the latest generation of cosmic ray detectors, i.e. the
Pierre Auger Observatory [4] and the Telescope Array [5],
should allow detection of GZK photons for the first time.

The simulation of the propagation of photons before
they reach the Earth’s atmosphere is important because of
the preshower effect [6] that may occur when a photon
traverses a region where the geomagnetic field componen-
t transverse to the photon trajectory is particularly strong.
As described e.g. in Refs. [7, 8], high energy photons in the
presence of a magnetic field may convert into e+e− pairs
and the newly created leptons emit bremsstrahlung photon-
s, which again may convert into e+e− if their energies are
high enough. As a result of these interactions, instead of a
single high energy photon, a shower of particles of lower
energies, the so-called preshower, reaches the atmosphere.
The occurrence of the preshower effect has a large impact
on the subsequent extensive air shower development and
changes the predicted shower observables.

In 2005 the program PRESHOWER [7] for simulating

the showering of photons in the Earth’s magnetic field
was released. It was shown that this initial version of the
Monte Carlo code is in good general agreement with pre-
vious studies [6, 9, 10, 11, 12, 13, 14]. In this paper we
describe the changes of the PRESHOWER code relative
to the initial version 1.0 [7]. The main feature of the new
release is a much faster algorithm for calculating the dis-
tance at which a preshower interaction (gamma conversion
or bremsstrahlung) occurs. In version 1.0, the calculation-
s were done in constant steps along the particle trajecto-
ry and the step size was optimized for all possible trajec-
tories. The constant step practically disabled studying the
preshower effect along paths longer than several tens of t-
housands kilometers. Now, in version 2.0, the distance to
the next interaction point is computed with an efficient ve-
to algorithm, decreasing significantly the number of com-
puting steps. The new method, being independent of the
trajectory length, allows computations for arbitrarily long
photon paths, e.g. simulations of preshower creation in the
vicinity of a neutron star or active galactic nucleus.

Following Ref. [7], all the results presented in the fol-
lowing are obtained for the magnetic conditions of the
Pierre Auger Observatory in Malargüe, Argentina (35.2◦S,
69.2◦W). The shower trajectories are given in the lo-
cal frame where the a zimuth increases in the counter-
clockwise direction and ϕ = 0◦ refers to a shower coming
from the geographical North. The full description of the
new release of PRESHOWER can be found in Ref. [15].

2 The new sampling algorithm
In PRESHOWER 1.0 the effect of precascading is simu-
lated following the particle trajectories with a fixed step
size. In each step the probability of conversion into e+e−
is calculated for photons and the probability of emitting a
bremsstrahlung photon is computed for electrons. The step
size has to be optimized for all possible trajectories and
magnetic field configurations encountered along the parti-
cle trajectories. It has been found out that a step size of
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10 km works well until the primary photon conversion and
then the emission of bremsstrahlung photons, as well as
conversions of secondary photons, are simulated in steps
of 1 km. In this algorithm a typical simulation run consists
of several thousands of steps.

The number of simulation steps and hence the comput-
ing time can be significantly reduced by using a veto al-
gorithm. The algorithm used in the following is common-
ly applied in physical situations where a probability of oc-
curring of a certain process varies within a given spatial or
temporal interval (see, e.g. Ref. [16]). The location or time
of the occurrence of a physical process studied is found in
few approximating jumps. An example of a process that
can be treated with the algorithm is a radioactive decay
considered in a certain interval of time. Photon conversion
and bremsstrahlung probabilities to be found along spatial
trajectories can also be computed with this veto algorithm.

2.1 General description
The theory behind the veto algorithm is based on a process
of discrete events described by

dN
dt

=− f (t)N(t). (1)

Then the probability dPA of occurrence of process A in the
time window t . . . t +dt is given by

dPA =− 1
N(t)

dN
dt

= f (t)dt . (2)

Together with the probability of not having an occurrence
of process A in the time from t0 to t,

Pno−A =
N(t)
N(t0)

, (3)

one obtains for the probability dP for having an occurrence
of A in the time window t . . . t + dt, provided that this
process did not occur at an earlier time t ′ with t0 < t ′ < t,

dP = Pno−A dPA =

f (t) N(t)
N(t0)

dt = f (t) exp
{
−
∫ t

t0 f (t ′)dt ′
}

dt . (4)

If an analytic solution can be found for the integral of f (t)

F(t) =
∫ t

t0
f (t ′)dt ′ (5)

one can sample the time t of the next occurrence of A
after the previous occurrence at time t0 using the inversion
method ∫ t

t0
dP = exp{F(t)}= ξ , t = F−1(lnξ ), (6)

with ξ being a random number uniformly distributed in
(0,1].

If F(t) cannot be found or the inverse of it computed
sufficiently easily one can use a function g(t) such that
∀t ≥ 0 : g(t)≥ f (t) and apply the following procedure

1. set the initial conditions: i = 0, t0 = 0;

2. i = i+1;

3. get a random number ξi ∈ (0,1);

4. compute ti = G−1(G(ti−1)− lnξi), ti > ti−1;

5. get another random number ξ ′
i ∈ (0,1);

6. if ξ ′
i ≤ f (ti)/g(ti) then ti is the wanted result, i.e.

the moment when process A occurred, otherwise one
has to go back to step 2 or, if the end of the interval
is reached, end the procedure without occurrence of
process A.

The algorithm described above was mathematically
proven to reproduce exactly the expected distribution-
s [17].

2.2 Implementation in PRESHOWER 2.0
Following the general scheme described above, the appli-
cation of the veto algorithm to simulations of the preshow-
er effect is straightforward. Instead of the time variable t,
the distance r along the preshower trajectory is used. We
consider two processes in parallel over an interval starting
at rstart and ending at rend , namely gamma conversion and
bremsstrahlung of electrons. Following the physics nota-
tion introduced in Ref. [7] the probability functions are de-
fined as

pconv(r)≡ α(χ(r)) (7)

for gamma conversion and

pbrem(r)≡
∫ E

0
I(B⊥(r),E,hν)

d(hν)
hν

(8)

for magnetic bremsstrahlung. The function f (t) is then re-
placed by pconv(r) or pbrem(r), depending on the process to
be simulated. Since finding the antiderivatives of pconv(r)
or pbrem(r) is not straightforward, simple functions limit-
ing pconv(r) and pbrem(r) are used. We define

gconv(r)≡ pmax
conv = const,

∀r ∈ (rstart ,rend) : pmax
conv ≥ pconv(r);

gbrem(r)≡ pmax
brem = const,

∀r ∈ (rstart ,rend) : pmax
brem ≥ pbrem(r), (9)

which replace g(t) and for which the antiderivatives are

Gconv(r) = pmax
conv · r,

Gbrem(r) = pmax
brem · r. (10)

With these substitutions the algorithm of Sec. 2.1 is applied
in PRESHOWER 2.0 for the two interaction processes.

The determination of pmax
conv/brem is crucial for computing

time optimization. Too large pmax
conv/brem increases the total

number of steps to be executed in the procedure.

2.3 Determination of pmax
conv/brem

The functions pconv/brem(r) depend on B⊥(r), which is
computed with a numerical model. Hence finding the ab-
solute maxima pmax

conv and pmax
brem is done numerically. More-

over, through the dependence on B⊥(r), both pconv(r) and
pbrem(r) depend on the primary arrival direction and the
geographical location of the observatory.

This indicates that the computation of pmax
conv and pmax

brem
should be performed for each trajectory separately, other-
wise one would have to apply upper limits of these values
which would be universal but excessively large for most
directions. Accepting the excessive values of pmax

conv/brem
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would increase enormously the number of steps in the veto
algorithm and might result in an unacceptable increase of
the computing time.

Typically, the functions pconv(r) and pbrem(r) reach their
global maximum at the top of the atmosphere, i.e. at the
end of preshower simulations, assumed here to be at the
altitude of 112 km. This is the point closest to the Earth’s
surface where B⊥(r) typically reaches the maximum val-
ue. However for certain classes of trajectories B⊥(r) might
start to decrease with approaching the geomagnetic field
source when the trajectory direction approaches a tangent
to the local field lines. If this decrease happens to be close
to the Earth surface, preshower particles are exposed to
the maximum B⊥(r) somewhere before reaching the atmo-
sphere.

In case of pconv(r), it has been checked that its global
maximum is well reproduced by computing the function
value along the trajectory in a simple loop with steps of
1000 km. This procedure is performed for the primary
photon energy and the trajectory of interest. It has been
checked that pconv(r) decreases with energy, so pmax

conv found
for the primary photon energy will work also for secondary
photons of lower energies. In case of electrons, pbrem(r)
may increase with decreasing electron energy, so one has
to compute pmax

brem for energies within the entire energy
range of the simulated particles. Here pmax

brem is computed in
two loops. The external loop along the trajectory is done
in steps of 1000 km and the internal loop over energies
decreases the energy by one decade in each step. The steps
in both procedures can be adjusted by the user if necessary.
There is also an alert in the program that gets triggered
when the actual values of pconv/brem(r) happen to exceed
pmax

conv/brem.
The above method of finding the absolute maxima of

pconv/brem(r) is fast and efficient. However, it is optimized
only for specific simulation conditions: preshowering in
the geomagnetic field. In other environments, involving
more irregular shapes of B(r), one has to reconsider the
procedure of finding the absolute maxima of pconv/brem(r).

3 Other modifications and corrections
Other modifications and changes applied in the new release
of the PRESHOWER program are briefly listed below.

1. The IGRF geomagnetic field model has been updat-
ed to the year 2010 and the most recent IGRF-11 co-
efficients have been applied (Ref. [18, 19]). In the
updated model, the highest order of spherical har-
monics has been increased from 10 to 13. The ge-
omagnetic field can be extrapolated up to the year
2015 with the new model. The differences between
the field strength and direction in these two models
are not larger than 0.001%.

2. Procedures to calculate modified Bessel functions
have been replaced with an open source CERN rou-
tine DBSKA [20].

3. A minor problem has been found in the auxil-
iary function kappa(x) used for calculation of
bremsstrahlung probability. The interpolation per-
formed in this function failed for the rare case of
x = 10.0. This happened because of a faulty defini-
tion of the last interval where the interpolation was
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Fig. 1: Total probability of γ conversion for the primary en-
ergy of 7×1019 eV for different arrival directions as com-
puted by PRESHOWER 1.0 (lines) and PRESHOWER 2.0
(points). PRESHOWER 1.0 values were obtained by nu-
merically integrating the conversion probability in the loop
over trajectory. The points represent the fractions of events
with gamma conversion simulated by PRESHOWER 2.0
with the new veto algorithm. Each fraction is the average
for 10000 primary photons.

done. As a result of this bug the input value x = 10.0
was excluded from the computations. This bug has
been fixed in the new release of the program.

4. Since for some cases the number of preshower
particles can be very large, the size of the array
part out[50000][8], which stores the output par-
ticle data, has been increased from 50000 to 100000
entries.

5. The code of the program was reorganized and more
clearly structured. The main change here was mov-
ing the auxiliary functions and routines to a separate
file.

A list of the new and modified files with basic explanations
can be found in Ref. [15].

4 Validation of the new version
The new release has been intensively tested. Below we
show some examples to illustrate the performance.

In Fig. 1 a comparison of conversion probability ob-
tained with PRESHOWER 1.0 and PRESHOWER 2.0 is p-
resented for different arrival directions and primary energy
of 7×1019 eV. The lines represent conversion probabilities
obtained by numerical integrations of the expression (7)
along trajectories and with steps as given in PRESHOW-
ER 1.0. The points are plotted to show fractions of events
with gamma conversion simulated by PRESHOWER 2.0.
Each fraction was calculated after 10,000 simulation run-
s. Simulations of gamma conversion probabilities for oth-
er primary energies has also been checked and in all cas-
es an excellent agreement between the results of the two
PRESHOWER versions has been found.

A cross-check of the procedures responsible for simu-
lation of bremsstrahlung is shown in Fig. 2, in which the
energy distribution of secondary particles for a primary
photon of 1020 eV and an arrival direction along which
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Fig. 2: Energy distribution of photons (top left) and elec-
trons (bottom left) in 500 preshowers initiated by 1020 eV
photons arriving from the strong field direction. The spec-
tra weighted by energy are plotted to the right. The dashed
histograms were obtained with PRESHOWER 1.0 and the
solid ones with PRESHOWER 2.0.

the transverse component of the geomagnetic field is par-
ticularly strong (“strong field direction”) are compared.
Plotted are the summed distributions of energies of sec-
ondary photons and electrons together with the relevant
histograms weighted by the energies. The summations are
done for 500 simulation runs. The results obtained with the
two program versions are in very good agreement.

Further tests for the same set of simulations include
reproducing Figs. 8 and 9 from [7]. Again, the agreement
between the results of the two PRESHOWER versions was
found to be very good.

One of the main aims of the new release of PRESHOW-
ER was to reduce the computing time. The results of the
CPU time comparison between the two versions confir-
m the achievement of this goal. The computing time is
more than a factor 5 shorter in case of simulations with
PRESHOWER 2.0 than in the case of PRESHOWER 1.0.
This reduction is seen both in computation of gamma con-
version (speed up by nearly factor 10) and in more time
consuming bremsstrahlung routines. E.g. for 1000 simula-
tions of photons of energies E0 = 7× 1019 eV with verti-
cal trajectories and with no conversion occurrence the com-
puting time was 7 s with PRESHOWER 2.0 and 79 s with
PRESHOWER 1.0. In another test 100 simulations of pho-
tons at E0 = 1020 eV were performed for an arrival direc-
tion of θ = 60o and ϕ = 177o. In this case the fraction of
events with preshowers was 0.92 and the computing time
was 209 s and 1195 s, respectively.

5 Summary
The program PRESHOWER is a tool designed for simu-
lating magnetically induced particle cascades due to ultra-
high energy photons. It can be linked with air shower
simulation packages such as CORSIKA [21] to calculate
complete photon-induced particle cascades as they are
searched for with cosmic ray observatories.

A new version of the PRESHOWER program, version
2.0, has been released and its features are presented in this

article. An efficient veto algorithm has been introduced
to sample the locations of individual interaction processes.
Other modifications include the update of the geomagnet-
ic field model, correcting a rare exception, and reorganiz-
ing the program code. The results obtained with the new
release of PRESHOWER agree very well with those calcu-
lated with the previous version.

The new algorithm not only speeds up the program by
more than a factor 5, but also allows additional application-
s due to the increased flexibility of the sampling of interac-
tion points. For example, the preshower effect can now be
studied not only in the geomagnetic field, but also close to
extended astrophysical objects like neutron stars and active
galactic nuclei. An application of PRESHOWER 2.0 in the
conditions other than the geomagnetic field require only s-
mall changes in the program. The magnetic field model has
to be replaced and start and end points of simulations have
to be adequately adjusted.
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