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Abstract: We discuss the EVA code which is based on a macroscopic approach to calculate radio emission from
air showers. Recently it was shown that Cherenkov effects play a crucial role in the emission. The advantage of
the macroscopic approach is that it allows for resolving the divergences in the electric field expressions due to
these Cherenkov effects, which is done by using the finite extent of the particle distribution in the shower front.
Furthermore, the macroscopic approach allows for a more intuitive interpretation of the observed radio-emission
pattern in terms of the properties of the air shower such as the longitudinal profile and the thickness of the shower
front. The particle distributions and currents in the air shower front are obtained in histograms from a full CONEX
Monte-Carlo air shower simulation. A fitting procedure is applied to obtain smooth analytic functions which are
used to solve for the radio emission including Cherenkov effects. The EVA code is publicly available.
Keywords: Radio emission, Cosmic ray air showers, Shower simulations, Index of refraction, Geomagnetic
Cherenkov radiation
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Introduction

In recent years much progress has been made in the modeling of radio emission from cosmic-ray-induced air showers. This progress was initiated by the successful CODALEMA [1, 2] and LOPES [3, 4] experiments, showing the feasibility of radio emission as a detection mechanism for air showers. These results triggered plans for
new experiments such as AERA [5] at the Pierre Auger
Observatory, LOFAR [6], and the TUNKA-REX [7] experiment. Along with these new initiatives came the need
for more detailed models describing the radio emission.
Several radio emission models were developed such as
REAS [8] and MGMR [9], and more recently CoREAS [10],
ZHAires [11], SELFAS [12], Kalmyakov et al. [13] and the
EVA code [14].
Even though there have been several new modeling attempts since the beginning of the 21’st century, the observed radio emission mechanisms were already predicted
in the 1960’s. Kahn and Lerche [15] predicted the geomagnetic emission mechanism due to the separation of electrons
and positrons by Earth’s magnetic field. At the same time
Askaryan [16] predicted the emission by the net negative
electron excess in the shower front mainly due to Compton scattering. The geomagnetic emission mechanism is
already observed by CODALEMA [2] and LOPES [17],
and more recently signatures of the charge-excess emission
have been observed at the Pierre Auger Observatory [18]
and CODALEMA [19].
The latest theoretical development is the inclusion of
Cherenkov effects in the radio emission [20] leading to divergences in the electric field expressions. The EVA model
uses the finite extent of the charge and current distributions in the shower front to solve for these divergences.
The distributions are obtained from a full Monte-Carlo
CONEX [21, 22] simulation. Accordingly, these distributions are fitted to obtain smooth analytical expressions
which are used to solve for the divergences in the electric
field expressions. In these proceedings, first we give a short

introduction to the EVA-model, after which we discuss the
charge and current distributions in the shower front. Finally,
we discuss the obtained radio pulse and how the emission
is affected by Cherenkov effects. For a more detailed discussion of the applications of Cherenkov effects and how to
separate the different radio emission mechanisms we refer
to [23].

2

The model

The EVA model is based on the macroscopic current and
particle distributions in the shower front. Following [14],
the point-like Liénard-Wiechert potentials at the observer
time t and observer position ~x can be defined as,
µ

µ

APL (t,~x) =

µ0 JPL
| 0,
4π |R̃V | t=t

(1)

µ

where the point-like four current JPL is given by,
µ
JPL (t 0 ,~x) = J µ (t 0 )δ 3 (~x − ~ξ (t 0 )).

(2)

Here ~ξ (t 0 ) = −ct 0~ex|| gives the position of the shower front
along the shower axis at the negative retarded emission time
t 0 . The four-distance R̃ is defined by its scalar component
R̃0 = L = c(t − t 0 ), where L is given by the optical path
length from the emission point to the observer, and the spatial components Ri = −L ∂∂ξ i L. The velocity of the shower
is defined by, V = c−1 dξ /dt 0 .

2.1

Cherenkov effects

In [24] it was shown that, even though the refractivity in
air deviates only slightly from zero (O(10−4 )), this leads to
Cherenkov effects in the radio emission from air showers.
An intuitive way of understanding these Cherenkov effects
is by having a closer look at the denominator in Eq. 1.
In [24] it is shown that this denominator scales with the
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derivative of the observer time with respect to the emission
time R̃V ∝ dt/dt 0 . In Fig. 1, the emission height z = −β ct 0

In reality the index of refraction will depend on the air
density and thus the observer height. The EVA code models
the index of refraction following the Gladstone-Dale law,
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Figure 1: The emission height z = −β ct 0 as function of
the observer time t for three different values of the index
of refraction, n. The dashed black line gives the shower
profile as function of z for a E = 5×1017 eV proton-induced
shower.
is plotted as a function of the observer time for three
different values of the index of refraction n. This is done
for a horizontal incoming shower of 5 × 1017 eV with the
observer positioned at d = 100 m from the shower axis. For
an index of refraction equal to its vacuum value of unity the
signal will travel with the same speed as the shower. Signals
emitted at a large height move in a straight line toward
the observer, whereas signals emitted at lower heights first
“travel” along with the shower and then move in a straight
line toward the observer. Therefore, signals emitted at a
lower height effectively have to “travel” a larger distance
and will arrive at later times. This is shown by the solid red
line in Fig. 1, which is a constant decreasing function of
the observer time and hence the denominator R̃V ∝ dt/dt 0
is finite at all observer times.
What happens if we take an index of refraction equal
to its value at sea level, n = 1.0003? Due to this small
deviation of the index of refraction from unity, the signal
will travel slightly slower than the shower which moves
at the vacuum speed of light. Therefore, even though
signals emitted from a lower height have to “travel” a
net larger distance, since they first travel along with the
shower (moving with the vacuum speed of light), their
average speed will be larger than the average speed of a
signal which is emitted at large heights traveling straight
toward the observer. As a consequence signals emitted from
large heights can arrive at exactly the same time as signals
emitted at a later stage of the shower development. There
will also be a “critical” height where all signals emitted
slightly above or slightly below this height will be projected
instantly toward the observer and hence the observed radio
signal is strongly enhanced. This is the Cherenkov effect.
At this point the denominator R̃V ∝ dt/dt 0 vanishes and the
vector potential hits a singularity. This is observed for the
dashed purple line in Fig. 1. From this figure it also follows
that the starting time of the radio emission corresponds to
the time at which Cherenkov effects are observed.

cm3
ρ(z).
g

(3)

The emission height as function of the observer time is
given by the striped blue line in Fig. 1 in this realistic
situation. As expected the line lies in between the lines for
a vacuum index of refraction (solid red line) and a constant
index of refraction equal to its value at sea level (dashed
purple line). As a reference, in Fig. 1 we also plot the total
number of particles as a function of emission height (striped
black line). It follows that for the specific geometry shown
in Fig. 1, Cherenkov effects are observed from the shower
maximum and are thus expected to play a crucial role in the
emission.

2.2

The electric fields; Solving for the
divergences

The electric field is obtained from the Liénard-Wiechert
potentials using the standard relation,

E i = −c ∂ 0 Ai + ∂ i A0 .
(4)
Since the denominator in the vector potential in general is
a function of position and time R̃V (~x,t), the electric field
will scale like E ∝ (R̃V1 )2 leading to a bad divergence when
Cherenkov effects are observed in the emission. To solve
for these divergences, we make use of the finite extend of
the shower front described by the weight function w(~r, h),
where~r gives the lateral position in the shower front and h
the longitudinal position. The complete vector potential can
now be written as a convolution of the weight function and
the point-like vector potential,
Aµ (~x,t) =

Z

Z

d~r

µ
dh w(~r, h)APL (~ξ −~x,t).

(5)

At this point we apply a coordinate transformation defining
~η ⊥i =~x⊥i +~r for the transverse components and λ = hk − h
in the longitudinal direction. Where hk is the critical value
for h where the denominator R̃V (hk ) = 0. By this shift
in coordinates it can be shown [14], that the derivatives
acting on the denominator of the vector potential vanish
independently. The total electric field is now given by,
E

||

= −c

Z

2 ⊥

Zhk

d η

dλ
0

n
o
||
w0 A0PL − β w0 A|| + wȦPL
E

⊥i

Z

= c

2 ⊥

Zhk

d η

dλ
0

n
o
⊥i
wi A0PL + β w0 A⊥i
PL − β wȦPL ,

(6)

separating the longitudinal component of the electric field
E || and the lateral components E ⊥i (i=1,2). The derivatives
of the weight functions are given by w0 = dw/dh, and wi =
dw/dxi . The derivatives acting on the potentials are denoted
by Ȧ = dA/d(ct). The remaining square root divergence in
the vector potential is now safely integrated.
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The weight functions are fitted by two different functions
for radial distances r < 20 m and r > 20 m. Fits to the longitudinal distributions at r = 5 m and r = 128 m from the
shower axis are given in Figs. 3 and 4. It follows that close
to the shower axis this distribution becomes very narrow
leading to coherence at very high frequencies in the emission. More details about the fits are given in [14] where it
is also shown that the lateral weight function, w1 (r), peaks
close to the shower axis.
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Figure 2: The number N of electrons and positrons, as a
function of the shower time t 0 The full red line represents
the simulation result, the dashed blue line is the fit. Figure
taken from [14].
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The EVA package
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The EVA package consists out of three different parts,

h (m)

• The CX-MC-GEO air shower simulation package

The CX-MC-GEO package is a full Monte-Carlo
CONEX [21, 22] air shower simulation providing histograms of the relevant charge and current distributions
in the air shower. These histograms are fitted to smooth
analytic functions by the FITMC package. The EVA radio
emission calculation package uses the obtained fit function
from FITMC to solve numerically for the electric fields.
Coherence in the radio emission is determined by the
largest projected length scale toward the observer [25]. An
observer positioned far away from the shower axis will see
the shower front in a single point, and hence coherence
is determined by the projected shower profile. Observers
positioned at distances where Cherenkov effects occur,
observe signals emitted at different stages of the shower
development instantaneously. Therefore, in this regime
coherence is determined by the particle distributions in the
shower front. To understand the consequences of Cherenkov
effects in radio emission from air showers, it is thus crucial
to have a proper description of the shower profile and the
particle distributions in the shower front. In Fig. 3 we
show the shower profile as obtained by CX-MC-GEO (red
solid line) and the fit obtained by FITMC (blue dashed
line), giving an excellent fit. The particle distribution in
the shower front is assumed to be radially symmetric and
separated in two functions,
w(r, h) = 2πr w(~r, h)
w(r, h) = w1 (r)w2 (r, h),

(7)
(8)

where w1 (r) describes the radial weight function and
w2 (r, h) the longitudinal weight function which will depend
on the radial distance r from the shower axis. Coherence
is mainly determined by the longitudinal weight function.

-1

• The EVA radio emission calculation package

w2(r,h) (m )

Figure 3: The distribution w2 (r, h) for r = 5 m. The full
black line represents the fit, the dotted lines are simulation
results for different times. Figure taken from [14].

• The FITMC package
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Figure 4: The distribution w2 (r, h) for r = 128 m. The full
black line represents the fit, the dotted lines are simulation
results for different times. Figure taken from [14].
Nevertheless, there is one caveat, which is the current
distribution in the shower front. Recent simulations indicate
that the geomagnetic current as well as the charge-excess
current increase with distance from the shower axis. This
is also shown in Fig. 5, where we plot the geomagnetically
induced drift velocity given by vd = J x /Nec as a function of
radial distance from the shower axis. The radial dependence
of the currents in the shower front is implemented in the
latest version of EVA1.03.
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CONEX simulation giving a histogrammed output of the
charge and current distributions in the air shower. These
distributions are fitted by the FITMC package to obtain
smooth analytical functions which are used by the EVA
radio emission calculation package to solve for the divergences due to Cherenkov emission. It is shown that close
to the shower axis the particle distributions become very
narrow leading to emission at high frequencies (GHz) when
Cherenkov effects are observed. At larger distances these
effects diminish giving emission at lower frequencies in the
MHz regime. The EVA package is now publicly available
and can be obtained by sending an e-mail to the authors.
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Figure 5: The geomagnetically induced drift velocity as a
function of radial distance from the shower axis.

Figure 6: The geomagnetic contribution to the electric field
for a 5 × 1017 eV, 27 degrees inclined shower observed at
two different observer positions of d = 112 meters (left)
and d = 448 meters (right) from the impact point of the
shower. Figure taken from [14].

4

The electric field

Even though the currents become small close to the shower
axis, the lateral weight function w1 (r) increases strongly
close to the core. As is shown in Fig. 3 the particle distribution close to the shower axis is very sharp (O(cm)). Therefore, emission is expected to occur at high-frequencies. This
is also observed in Fig. 6, where the electric field is shown
at d = 112 m from the shower axis, where Cherenkov emission is observed from close to the shower maximum, and
at d = 448 m from the shower axis where Cherenkov effects have diminished. As expected, when Cherenkov effects occur in the emission, the electric field is observed in
a very short time period and gets strongly enhanced leading a response at very high frequencies in the GHz region.
Further away from the shower axis, these effects diminish
and emission over longer time scales is observed at MHz
frequencies.

5

Conclusions

An overview is given of the EVA code which incorporates
Cherenkov effects in the radio emission from air showers. The EVA code consists out of three parts, there is the
CX-MC-GEO package which performs a full Monte-Carlo
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