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Abstract

Interpreting the data from radio detectors for extensive air showers typically relies on Monte-Carlo based
simulation codes, which, despite their accuracy are computationally expensive and present bottlenecks for
analyses. To address this issue we have developed a novel forward model called template synthesis, which
synthesises the radio emission from cosmic ray air showers in a matter of seconds. This hybrid approach
uses a microscopically simulated, sliced shower (the origin) as an input. It rescales the emission from each
slice individually to synthesise the emission from a shower with different properties (the target). In this
process it employs semi-analytical relations dependent on the shower age within the slice. We describe the
connection between an antenna and a slice using the viewing angle and normalise the emission from every
slice with respect to the air shower geometry using a set of scaling relations. In order to be able to change
the arrival direction during synthesis, we adjust the phases based on the expected geometrical delays.

We benchmark the method by comparing synthesised traces to CoREAS simulations over a wide frequency
range of [30, 500] MHz. We compare the signal amplitudes as well as the fluences. The synthesis quality
is primarily influenced by the difference in Xmax between the origin and target shower, ∆Xmax. When
∆Xmax ≤ 100 g/cm2 , the scatter on the maximum amplitudes of the geomagnetic traces is at most 4%. For
the traces from the charge-excess component this scatter is smaller than 6%. We also observe a bias with
∆Xmax up to 5% for both components, which appears to depend on the antenna position. Since the bias is
symmetrical around ∆Xmax = 0 g/cm2, we can use an interpolation approach to correct for it.

We have implemented the template synthesis algorithm in an open-source Python package called SMIET,
which includes all the necessary parameters to apply the method. Users only need to provide an origin
shower. The package provides an implementation of the algorithm in NumPy, but also offers an alternative
implementation in the JAX framework which makes the code fully differentiable. This package has been
successfully tested with air showers with zenith angles up to 50° and can be used with any atmosphere,
observation level and magnetic field. We demonstrate that the synthesis quality remains comparable to
our main benchmarks across various scenarios and discuss potential use cases, including its use in machine-
learning-based reconstructions.
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1. Introduction

Studying cosmic rays at the highest energies is a
challenge, primarily due to their rapidly declining
flux with energy, which makes direct detection be-
yond ∼ 1014 eV impractical. Rather we detect the
large cascades of secondary particles produced when
the cosmic rays interact in the atmosphere. These
cascades, known as extensive air showers (EAS), span
kilometres and primarily consist of photons, elec-
trons, positrons and muons. We can detect these
particles using several different methods, each pro-
viding complementary information about the shower
development (see for example subsection 2.4 in [1]).

One important signal coming from EAS is the radio
emission. Using this electromagnetic signal for detec-
tion offers several benefits [2]. Modern digital tech-
niques and computing hardware make it relatively
straightforward to operate radio experiments. Ad-
ditionally, radio equipment is cost-effective and eas-
ily deployed over the large areas required to collect
enough statistics on the high-energy cosmic ray air
showers. Furthermore, radio detectors have a very
large duty cycle, meaning they can operate almost
continuously. Radio detection also acts as a comple-
mentary method to fluorescence imaging. We can use
both to make very accurate measurements of energy
and the shower maximum, but the systematic uncer-
tainties affecting them are completely different. This
explains why the Pierre Auger Observatory added a
radio antenna to every station in their recent Auger-
Prime upgrade [3].

The radio emission is mainly generated by the large
number of electrons and positrons present in the
shower. They interact with Earth’s magnetic field
and release Bremsstrahlung as a result. Addition-
ally there is radio emission associated to the electrons
which are stripped off the atmospheric molecules as
the shower passes through the atmosphere. This mi-
croscopic view of the emission from EAS can be rein-
terpreted in a macroscopic way [4], offering a bet-
ter intuition. From the macroscopic perspective, we
identify two mechanisms. The dominant one in air is
the geomagnetic contribution, which is the result of a
time-varying current transverse to the shower prop-
agation. The other mechanism is the charge-excess

contribution. Originally described by Askaryan [5]
for dense media, it also provides a non-negligible con-
tribution in air. This effect arises from a build-up of
negative charge at the shower front, which also varies
in time. Both contributions have a different polari-
sation angle, allowing us to decouple them [6].

State-of-the-art simulation codes, such as CoREAS
[7, 8] and ZHAireS [9, 10], are based on the micro-
scopic approach. These simulate every particle in
a Monte-Carlo based system, calculating the radio
emission per particle and summing the result in every
antenna. The resulting computation time thus scales
linearly with the number of antennas as well as the
number of simulated particles in the shower, which
in turn correlates with the primary energy. The re-
quired simulation runtimes already represent a bot-
tleneck in our current analyses. For the next gen-
eration of radio telescopes such at the Square Kilo-
meter Array [11], whose number of antennas will be
orders of magnitude higher than the current genera-
tion, this problem will only get worse. While parallel
computing can offer some help, it is clear we will need
a more efficient simulation framework. One option
would be to use the macroscopic description, which
can be treated analytically. Such simulation codes
do exist, such as MGMR3D [12], but while they can
be used to reconstruct air shower parameters, they
produces biases that need to be corrected for [13].

In our previous work, we introduced a novel ap-
proach to simulate the radio emission from EAS
called template synthesis [14]. It is a hybrid ap-
proach, where we use elements from both the micro-
as well as the macroscopic interpretations. This al-
lows us to benefit from the precision of the micro-
scopic simulations, while still achieving much faster
runtimes. In [14] we showed that we can produce
EAS-induced radio pulses on the timescales of sec-
onds, compared to the hours or even days required
using microscopic simulations, while achieving an ac-
curacy comparable to the inherent shower-to-shower
fluctuations. However, the method was constrained
to a single air shower geometry. Building on this
proof of concept, we now present a generalised ver-
sion of the template synthesis method. This version
is applicable to showers with any geometry, up to at
least 50° zenith angle. The amplitudes of the syn-
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thesised pulses match those from microscopic simu-
lations within 9% . The template generation (which
needs to be done only once) takes a minute or two,
while the actual synthesis only takes a few seconds.
We also include an explicit treatment of the phases
based on the arrival time calculated from the geome-
try. This allows us to changes the zenith angle up to
4° during synthesis, while incurring at most a 5% er-
ror, opening the possibility of arrival direction recon-
struction studies. The algorithm is now implemented
in the SMIET (where the “ie” is pronounced as the “ee”
from “to meet”) software, which is publicly available
as a Python package [15].

We view template synthesis as complementary to
the Radio Morphing technique [16]. While we target
the more vertical showers with template synthesis,
Radio Morphing becomes valid from 60° zenith angle
onwards. Both methods rescale the emission from
a microscopically simulated input shower to synthe-
sise pulses. One important difference however, is that
template synthesis allows a user to choose the longitu-
dinal profile of the target shower. In Radio Morphing
the shower can only be shifted around.

This paper is organised in the following sections.
In the next Section 2 we introduce the general tem-
plate synthesis method. We cover our description of
the geometry and the corrections we apply because
of it. We also discuss the spectral functions, which
lie at the heart of the template synthesis approach.
In Section 3 we present the template synthesis soft-
ware package and its workflow from a user perspec-
tive. Then in Section 4 we test our method on air
showers up to 50° zenith angle. This will allow us to
define some practical guidelines on how to use tem-
plate synthesis. The benchmarks are performed with
the same showers from which the spectral functions
were extracted however, so in Section 5 we proceed
to test template synthesis under different conditions.
We show that over a wide range of scenarios the per-
formance of our method is the same. The situations
we cover also give a taste for the use cases that can
be accommodated with template synthesis. We cover
these shortly in Section 6, where we also discuss the
differentiability of template synthesis as well as some
implications our results have for radio emission from
air showers in general. We conclude in Section 7.

2. The generalised template synthesis method

The premise of template synthesis is to start from
a single microscopically simulated shower, called the
origin, and use scaling relations to synthesise the
emission for a shower with different parameters. This
concept is introduced in subsection 2.1. In previous
work [14] we presented a proof of concept for this
method, but it had several limitations, which we re-
view in subsection 2.2.

In this paper we describe the generalised template
synthesis method. Our goal was to update the proce-
dure from [14] to make it applicable to any air shower
geometry. To this end, we have changed the geometri-
cal description in subsection 2.3 to relate the antenna
positions to the EAS using the viewing angle.

Next, in subsection 2.4, we introduce a new set of
scaling relations which remove the dependency of the
radio emission on the EAS geometry. This will allow
us in subsection 2.5 to extract the generalised spectral
functions. These can be applied to all geometries
of interest. We also detail a scheme to interpolate
between the spectral functions in subsection 2.6.

One major improvement we made compared to [14]
is an explicit treatment of the phases, which we dis-
cuss in subsection 2.7. Finally, in subsections 2.8 and
2.9 we discuss how to apply template synthesis to ob-
tain a synthesised radio signal.

2.1. Fundamentals of template synthesis
At the centre of the template synthesis method is

the concept of sliced simulations. These are simula-
tions where we divide the atmosphere into slices of
constant atmospheric depth. In CoREAS, with stan-
dard functionality, we can record the emission from
every slice E⃗slice individually. The complete signal in
an antenna at distance r⃗ can then be reconstructed
by summing the contributions from all slices,

E⃗(r⃗, t) =
∑
X

E⃗slice(X, r⃗, t) . (1)

Here we differentiate the slices by their atmospheric
depth X. Besides the emission, we also record the
number of electrons and positrons N in each slice.
The resulting function N(X) we refer to as the lon-
gitudinal profile.
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The goal of the template synthesis method is to
rescale the emission from one microscopically simu-
lated shower to reproduce the emission of a shower
with a different longitudinal profile and primary par-
ticle. The sliced microscopic simulation that serves
as input to the method, we call the origin shower.
The target shower on the other hand, is the one for
which we want to synthesise the emission.

The template synthesis procedure is applied to
each slice separately. First, it accounts for the num-
ber of electrons and positrons in the slice, Nslice.
This rescaling largely removes the dependency of the
emission amplitude on the primary energy of the cos-
mic ray, since the number of particles scales approx-
imately linearly with the energy.

It turns out however, that a correction to the pulse
shape is also necessary. In [14] we observed a corre-
lation between the Xmax of the shower and the shape
of the emission amplitude frequency spectrum within
each slice. We interpreted this as a dependency of
the pulse shape on the shower age in the slice.

This correction to the pulse shape is applied to the
amplitude frequency spectra using the spectral func-
tions, which are discussed in more detail in subsection
2.5. These give the expected shape of the amplitude
spectra, given the slice and shower age. The spectral
functions are semi-analytical expressions that we ex-
tracted from a large set of Monte-Carlo simulations
and which can then be universally used for template
synthesis.

Figure 1 shows an example of applying template
synthesis. We can see that the synthesised signal
aligns closely with the result from a full Monte-Carlo
simulation. We can also appreciate that template
synthesis not only adjusts the amplitude of the input
signal, but alters the pulse shape as well. A rigorous
benchmark [14] showed that in our proof-of-principle
study, the method achieved an accuracy comparable
to the intrinsic shower-to-shower fluctuations, which
are around the 4% level. This is the amount of scatter
on the maximum amplitude we found when compar-
ing air showers with very similar longitudinal profiles
in CoREAS. Since we use CoREAS simulation as in-
puts, we expect template synthesis to be limited by
these fluctuations.

Figure 1: An example of applying template synthesis for an
antenna at 110 m from the shower axis (in the shower plane).
Here the origin is initiated by a 4.69× 108 GeV iron primary,
while the target shower has a proton primary with an energy of
2.19×109 GeV. Both have a 45° zenith angle and an azimuthal
angle of 0° (in the CORSIKA coordinate system). Their Xmax
values differ by 102 g/cm2. In this case we have simulated
both showers with CoREAS, in order to compare the result of
template synthesis to that of CoREAS. On top we show the
longitudinal profiles. The origin profile (in green) has been
multiplied with the ratio of the primary energy of both show-
ers for clarity. The bottom plot shows the radio signals in the
antenna, which have been filtered using a [30, 500] MHz band-
pass filter, where we decoupled the emission into the geomag-
netic and charge-excess components. Again in green we have
the signal from the origin shower, which serves as the input to
the method, multiplied by the ratio of the primary energies.
In black we show the trace of the target shower as simulated
by CoREAS, which is the reference we try to approach using
template synthesis. The result of the latter is shown in ma-
genta. We can see that template synthesis is capable of not
only adjusting the amplitude of the signal to match that of the
CoREAS one, but also alter the shape of the pulse.
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2.2. Limitations of the previous approach
In [14] we were able to change the longitudinal pro-

file of the showers (and through it also the primary
particle type and energy). The arrival direction was
however fixed, i.e. all showers came from zenith.
We could not vary the direction, because the spec-
tral functions were unique to the geometry of the air
showers used to extract them. This meant that for
every geometry of interest, one would have to recalcu-
late them. This entailed a large computational cost,
which made it impractical for actual applications.

The fundamental limitation in [14] was that we la-
belled each slice by the atmospheric depth at the bot-
tom of that slice and used that to describe the rela-
tion between the slices and the antennas. Because the
atmospheric depth of a given slice changes when al-
tering the air shower geometry, this description does
not allow us to alter the latter.

Furthermore, the phase frequency spectra were left
untouched. This was done with the assumption that
the information in the phase spectra is mostly geo-
metrical. And since we were working with a fixed
geometry, there was no need to change it.

Hence, when generalising the method, we adapted
these two aspects. First we changed the description of
how to relate an antenna to a slice. This is described
in the next subsection. Then in subsection 2.7 we
introduce an explicit treatment of the phases.

2.3. A geometrical setup based on viewing angle
In order to characterise the dependency on the

shower age, we will change our way of labelling the
slices. From now on we will use ∆Xslice

max , the distance
of the bottom of the slice to the air shower maximum
Xmax in g/cm2. This quantity acts as a proxy for the
age of the shower in a slice. This means that when
comparing the emission from two different showers,
we will compare the slices with the same distance to
Xmax (within the slicing precision). We note that this
change from establishing spectral functions for each
given pair of (Xslice, Xmax) as in [14], to now only
spectral functions for every ∆Xslice

max fundamentally
signifies that the pulse shape is indeed driven by the
shower age only, a hypothesis we had already phrased
in [14] but now confirmed explicitly, thus simplifying
and generalising the template synthesis approach.

A challenge we face when trying to compare the
radio emission from two EAS with different geome-
tries is the question of which antenna positions would
receive the same signal, if all other parameters were
kept fixed between the two cases? If we think about
this in the context of sliced simulations, it makes
sense to consider the opening angle of the receiving
antenna with respect to a slice. Here the opening
angle is the angle between the shower axis and the
straight line connecting the (bottom of the) slice and
the receiver. Supposing a slice with a given ∆Xslice

max
always emits in the same way, we could conclude an-
tennas which observe the slice under the same open-
ing angle would be equivalent.

However, the emission pattern of a slice will depend
on the EAS geometry. As for different zenith angles,
slices with the same slant depth will have different
altitudes. Along with the height, the density and re-
fractive index in the slice will change. The latter has
a direct implication on the beaming of the radiation.
Due to the relativistic nature of the emitting parti-
cles, the emission is strongly beamed forward along
the Cherenkov angle. The Cherenkov angle θC is re-
lated to the refractive index n as

θCslice = arccos

(
1

nslice

)
, (2)

where the subscripts refer to the values in a slice. We
will refer to these parameters as the local values, in
the sense that they are local to a single slice.

Hence, the equivalent antenna will not be the one
which sits at the same opening angle. Instead we
define the normalised viewing angle as the open-
ing angle divided by local Cherenkov angle. We will
use this unitless quantity to define an antenna’s posi-
tion. This is analogous to the transformation applied
in the Radio Morphing approach [16], except that in
our case one antenna has a different viewing angle
with respect to each slice.

As such we arrive at the setup shown in Figure 2.
Since everything is expressed with respect to the EAS
properties, we can easily compare between different
showers. For this we will compare the emission from
slices with same distance to the shower maximum, in
antennas which are positioned under the same view-
ing angle, respectively.
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Figure 2: The shower axis is defined by the zenith angle θ and
azimuth angle ϕ of the shower. The angle between the shower
axis and Earth’s magnetic field vector is the geomagnetic angle
αGEO. The slices are taken perpendicular to the shower axis.
A slice is characterised by its distance to shower maximum
∆Xslice

max (in g/cm2). For every slice we can retrieve or calculate
its properties, like the number of emitters Nslice, the local air
density ρslice and the local Cherenkov angle θCslice. The relation
between a receiver and a slice is encoded by the viewing angle
θvant, which is the opening angle in units of the local Cherenkov
angle of the slice, together with the geometrical distance to the
antenna dslice. Perpendicular to the shower axis, we define the
shower plane. We can project the antenna into the shower
plane along the line of sight from the slice to the antenna. We
use the theoretical polarisation patterns of the geomagnetic
and charge-excess components in this plane to decouple these
two contributions.

2.4. Rescaling the emission with respect to the EAS
geometry

With the normalised viewing angle we can already
find the antennas in which the amplitude spectrum
from a slice where a shower has some given age, has
the same shape. However, it does not yet fix the nor-
malisation of the spectrum. Indeed, when we com-
pare the amplitude frequency spectra from slices with
the same ∆Xslice

max in antennas with the same viewing
angle in Figure 3a, we see they differ strongly. We can
already expect the physical distance from the slice to
the receiver to play a role. But there are also other
effects, which we will need to explicitly account for.

The first one of these, which we already included in
[14], is the number of emitters Nslice. Next, we have
that the geomagnetic component scales with the sine
of the geomagnetic angle, which is the angle between
the shower axis and the Earth’s magnetic field vector
[17].

In [18] the authors investigated the dependency of
the amplitude of the radio emission on the air density
and magnetic field strength. They found relations
which described how the amplitude scaled with these
parameters. However, they looked at the emission
coming from entire showers. In our testing we found
that only two of the scaling relations were relevant
for our sliced emission.

The first one is the scaling of the geomagnetic am-
plitude with the inverse of the air density. As the
density drops, the Lorentz force which is responsible
for the transverse current producing the geomagnetic
component acts for longer periods of time. Since the
average time between the particle interactions grows
as the density lowers, the drift velocity increases and
the current grows [4]. This scaling relation holds for
densities down to 600 g m−3, which is about half the
sea level density. For lower densities this starts to
break down, because the lateral extent of the shower
becomes so large that the coherency of the particles
is lost.

We do note that in [18] the authors also shifted the
frequencies with the increase in density to line up cer-
tain spectral features. However, we did not observe
this shift in our tests, when comparing the amplitude
spectra from different showers in one slice. We sur-
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mise the reason for this might be that the aforemen-
tioned spectral features are caused by the interference
of particles from the whole shower. In this case, these
features would not appear on the level of individual
slices. Hence we only apply a density correction to
the amplitude of the geomagnetic component and not
the frequencies associated to the spectrum.

For the charge-excess emission the authors of [18]
observed a dependency of the amplitude on the sine
of the local Cherenkov angle. This was interpreted
as a projection factor of the particle velocity into the
plane perpendicular to the observing direction, since
their observer was always at the Cherenkov angle. We
found however that in our setup this scaling could be
applied to all antennas.1 This is probably because
in our setup we always compare antennas under the
same viewing angle, which are expressed as multiples
of local Cherenkov angle.

Overall we arrive at the following set of scaling
relations. For the geomagnetic emission, we rescale
the emission by

• the inverse of the distance from slice to antenna,
d−1
slice,

• the number of emitting particles in the slice,
Nslice,

• the sine of the geomagnetic angle, sin (αGEO)
and

• the inverse of the air density, ρ−1
slice .

We rescale the charge-excess emission on the other
hand by

• the inverse of the distance from slice to antenna,
d−1
slice,

• the number of emitting particles in the slice,
Nslice and

1We compared using the opening angle of the antenna in-
stead of the Cherenkov angle of the slice for the plots like the
one shown in Figure 3b, and observed a very similar relative
scatter. Because the Cherenkov angle is easier to work with,
we opted to use that.

• the sine of the local Cherenkov angle, sin
(
θCslice

)
.

Applying these to the amplitude frequency spectra in
Figure 3a, of which the result is shown in Figure 3b,
we indeed see that the spectra overlap. This means
we have successfully removed the dependency on the
geometry when comparing the emission from slices
with the same ∆Xslice

max in antennas under the same
viewing angle.

2.5. Extracting the spectral functions from micro-
scopic simulations

Given that we now can rescale the spectra to be in-
dependent of the air shower geometry, we can proceed
to fit their dependency on shower age. In order to this
we start from a large set of sliced Monte-Carlo simu-
lations. This set should preferably contain a mixture
of primary particle types and energies, and also have
different zenith angles. Varying the azimuthal angle
is also possible, but this only induces a change in the
geomagnetic angle and a rotation of the antennas on
the ground. Both these effects are well understood.

We now construct the spectral functions. These
capture the trends in the microscopically simulated
set. Template synthesis then uses the information
from these spectral functions to synthesise the pulses.
This is why it is important that the simulation set
used to extract the functions covers the parameter
range of interest.

The procedure we describe here is applied with
a single, fixed normalised viewing angle θvant. This
means that in CoREAS, we want to configure one
observer for each slice in such a way that it always
observes the slice under the chosen viewing angle. Al-
ternatively, we can simulate an array of observers for
each slice and then use interpolation to obtain the
antenna at the viewing angle we want. Of course in
practice, such as in Section 4, we will want to have the
spectral functions for multiple viewing angles. For
this we simply apply the procedure repeatedly, for
each angle we want.

The first step is to fit the amplitude frequency spec-
trum from each slice. The fit functions we use are
similar to the ones presented in [14], with only the ex-
tra scalings from above incorporated. We thus have
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(a) The amplitude frequency spectra from showers with different zenith angles without any scaling.

(b) The same spectra as shown in (a) after applying the scaling relations mentioned in the main text.

Figure 3: Spectra from four different air showers, each with a different zenith angle (while keeping the azimuth angle fixed),
simulated using the settings mentioned in subsection 3.1. From each of them, we look at the geomagnetic (GEO, top) and
charge-excess (CE, bottom) amplitude frequency spectra coming from the slice with ∆Xslice

max = −200 g/cm2, in an antenna
with θvant = 0.8. In (a) we see that without correcting for the geometry, the spectra have a seemingly random ordering. Once
we apply the scalings mentioned in the main text in (b) however, all spectra overlap and can be described by a single function.
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the following two parametrisations for the geomag-
netic (GEO) and the charge-excess (CE) component
respectively:

Ãgeo(f) =

(
ageo ·

Nslice · sin(αGEO)

dslice · ρslice

)
× exp

(
bgeo · (f − f0) + cgeo · (f − f0)

2
)
, (3)

Ãce(f) =

(
ace ·

Nslice · sin(θC
slice)

dslice

)
× exp (bce · (f − f0)) . (4)

Here f denotes frequency. We perform these fits over
some fixed range in frequency, as the spectra exhibit
quite distinct features in different bands. The “cen-
tral frequency” f0 is subtracted to ensure the values of
the constants before the exponential are determined
in a physical region of interest2. Usually it is best to
choose its value between 50 and 100 MHz, as most
spectra have a significant signal in that region. But
it should also lie within the frequency band chosen
previously.

We refer to a, b and c as the spectral parameters.
They depend on the slice they were extracted from,
as well as the antenna which is characterised by its
viewing angle θvant,

a(θvant,∆Xslice
max ) ,

b(θvant,∆Xslice
max ) ,

c(θvant,∆Xslice
max ) .

The second step is to characterise the dependency
of each spectral parameter to the ∆Xslice

max of the slice
they came from. In Figure 4 we show the evolution
of the spectral parameters, for a normalised viewing
angle of 1.03. Based on the observed trend, we fit
a parabola to these points. To better deal with the
large scatter from slices with few particles, we bin the
data points in ∆Xslice

max to obtain a mean value and its
standard deviation. If it should happen that a bin
contains less than two data points, which is possible

2Typical experiments do not consider frequencies below 30
MHz because of noise from the ionosphere. Also, the amplitude
is expected to be zero at 0 MHz as there is no static charge.

for very early or late slices where only a few showers
have particles, it is not considered for the fit.

The result of the fit is the spectral function of a
spectral parameter. The spectral functions encode
the dependency of the spectral parameters on the
∆Xslice

max of the slices, for the viewing angle under con-
sideration,

a(θvant,∆Xslice
max ) = pa0 + pa1 ·∆Xslice

max + pa2 · (∆Xslice
max )

2

b(θvant,∆Xslice
max ) = pb0 + pb1 ·∆Xslice

max + pb2 · (∆Xslice
max )

2

c(θvant,∆Xslice
max ) = pc0 + pc1 ·∆Xslice

max + pc2 · (∆Xslice
max )

2 .

We can now calculate the expected spectral parame-
ters for any slice, in the antenna with the correspond-
ing viewing angle, using only the p-parameters. And
from the spectral parameters we can then calculate
expected amplitude frequency spectrum. In total we
have 15 p-parameters for one viewing angle. These
are 9 for the GEO components and 6 for the CE,
as the latter does not have the c spectral parameter.
The p-parameters essentially hold all the microscopic
information we need to apply template synthesis.

2.6. Interpolation of the spectral functions
Before we can use these spectral functions in prac-

tice, we need to address one subtle issue. Like men-
tioned in the previous section, the spectral functions
are for a fixed viewing angle. When we process any
shower, it is unlikely that it will have its antennas
placed at exactly the viewing angles we have stored.3
Hence we need to interpolate the spectral functions.

This will influence the choice of which normalised
viewing angles to process and store, in a practical
implementation of template synthesis such as in Sec-
tion 3. We know that at the Cherenkov angle, the
amplitude spectra are quite flat. On the other hand,
as we move away from the angle the spectra become
steeper. The shapes of the spectra change rapidly
at first, but the farther from the Cherenkov angle
we are, the slower the rate of change. Therefore, we
suggest to construct the spectral functions for nor-
malised viewing angles ranging from 0.1 to 2.0, with

3Also, an antenna fixed on the ground will have different
viewing angles for every slice.
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Figure 4: Here we show an example of how the spectral parameters depend on the ∆Xslice
max of the slice they were obtained from.

As a reminder, negative ∆Xslice
max refer to slices earlier than the shower maximum, whereas positive values refer to slice after it.

We show the values obtained from 9 different showers, three with a zenith angle of 30°, three with a zenith angle of 40° and
another three with a zenith angle of 50°. The colour refers to the primary energy and the marker style to primary particle type,
with dots being proton induced showers and crosses iron induced ones. All points with the same colour are spectral parameters
obtained from the same shower, but in different slices. In each slice we considered an antenna which was placed at 1.03 times
the local Cherenkov angle. These values were obtained by fitting showers from the simulation described in Section 4, over a
frequency range of [30, 500] MHz. We see that all points fall onto the one parabola, indicated by a red line, irrespective of the
primary energy or type, as well as the Xmax of the shower. This red line is what we call the spectral function.
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a denser sampling around 1.0 (which is exactly at the
local Cherenkov angle). We can still extrapolate out-
side of this range by using the spectral function for
the closest viewing angle, as from the edges onwards,
the spectra are quite similar in shape and only dif-
fer in normalisation. Furthermore, there will be no
significant signal far away from the Cherenkov angle.

In order to interpolate against the viewing angle,
we followed a similar approach to the Fourier-based
signal interpolation presented in [19]. There, the am-
plitude frequency spectra are interpolated per fre-
quency bin. We apply this technique in each slice
individually. Per slice we evaluate the spectral func-
tions, yielding a spectrum per viewing angle. To in-
terpolate between viewing angles, we employ a linear
interpolation scheme per frequency bin. This is dif-
ferent to the cubic splines used in the Fourier inter-
polation. We opted for the linear approach because
of the rapid changes close to the Cherenkov angle
and the cubic splines might introduce wiggles that
are non-physical.4 When extrapolating outside of the
provided range of normalised viewing angles, we use
the values at the edges. For example, if we have the
spectral functions up to a normalised angle of 2.0 and
request a viewing angle of 3.0, we return the values
for the case of θvant = 2.0.

The interpolation of the amplitude spectra will not
be mentioned explicitly in the following, we will sim-
ply assume we can obtain the normalised spectra for
any viewing angle we need.

2.7. Accounting for the phases

One aspect we have not discussed so far is the treat-
ment of the phase spectra. In previous publications,
we took the phases from the origin shower and did not
alter them when synthesising a target shower. The
reasoning was that the information contained in the
phases is mostly geometrical and since we were always
using an origin shower with the same geometry as the
target we wished to synthesise, it was not necessary
to modify it. However, in order to use template syn-

4We did try the cubic splines approach and only noticed
some issues with synthesised pulses in antennas very close to
the shower axis.

thesis for event reconstruction, it should be capable
of varying the geometry at least within the uncer-
tainty of the arrival direction estimated by classical
methods, i.e., within a maximum of few degrees. For
example, LOFAR has an arrival direction estimate
which has an uncertainty of ∼ 1° from the LORA
particle detector. Using this information we could
generate an appropriate origin shower, i.e. with the
arrival direction estimated from the particle detector,
which then serves as the starting point for direction
reconstruction. We explore this use case partially in
subsection 5.3.

We found that keeping the phases fixed to those
of the origin shower resulted in quick degradation of
performance when changing the zenith angle. How-
ever, by simply accounting for the arrival time of the
pulses based on the geometrical delays, the result of
synthesis improved dramatically. Even though the
phase spectra do show deviations from perfect linear-
ity (after unwrapping), as shown in Figure 5, it does
appear that these deviations are relatively constant.

Our treatment of the phases is as follows. Follow-
ing the convention used in CoREAS, we take t = 0
to be the time at which the air shower core hits the
ground. Considering a slice at grammage Xslice, we
can say that the time temitted at which the signal from
that slice was emitted is

d · cos(θ) = −ci log
(
Xslice · cos(θ)− ai

bi

)
,

temitted = −d

c
.

Here θ is the zenith angle, c the speed of light in
vacuum and the ai, bi and ci are the parameters of the
exponential profile5 describing the atmosphere [20].
Because the shower front propagation is not slowed
down by the index of refraction, we do not need to
take it into account here. Note that in calculating the
distance we do assume a flat Earth geometry, which
is why we can simply multiply by cos(θ). This is

5Our notation follows the convention used in [20], which
can be confusing with our choice for the spectral parameters.
Therefore we do want to point out these are different from the
spectral parameters.
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a very good approximation up to approximately 70°
zenith angle. The derivation of this formula is given
in Appendix A.

We then need to calculate the time ttravel it takes
for the signal to travel from the slice to the antenna.
With dslice as defined in Figure 2, we can simply say
that

neff = 1 +
nsea − 1

ρsea
[Tant − Tslice] ,

ttravel =
neff · dslice

c
.

Here the subscript “sea” refers to values at sea level.
The n and ρ are refractive index and density respec-
tively. The function T gives the mass overburden at
some height, in the above formula at the height of the
antenna (observation level) and that of the slice. In
the above equations, the first line is essentially calcu-
lating the effective refractive index integrated along
the line of sight from the slice to the antenna. The
given formula is an analytical approximation which is
again valid for flat geometries, effectively up to about
70° zenith angle, where the slant depth can easily be
related to the height above ground.6 A more detailed
derivation is provided in Appendix A.

Finally we have an expected arrival time in the
antenna tarrival, based on the air shower geometry.

tarrival =
neff · dslice − d

c
. (5)

We can adjust the pulse from a slice to remove this
arrival time, i.e. moving the peak of the pulse to
t = 0 by adding

2π · f · tarrival (6)

to its phase spectrum. In this equation f refers to the
values on the frequency axis after the Fourier trans-
form. The peak can then be moved back to the ex-
pected arrival time by subtracting the same amount.

6This integration as well as the previous distance cal-
culation, are not implemented by hand. Rather we
rely on the radiotools package (https://github.com/nu-
radio/radiotools/) for this.

If the origin and target shower have the same geome-
try, these two operations will cancel out. However, if
the target has a different geometry, the tarrival will be
different and hence the peak of the pulse will be a dif-
ferent time. This can have important consequences
on the total pulse, as the difference in arrival time
will be different for every slice. Hence the signal from
each slice will be shifted by a different amount, which
will affect the coherency between them.

In Figures 5a we show the phase spectra from mul-
tiple showers in the same slice, as recorded in a single
antenna. The spectra have been unwrapped and the
linear component from the arrival time, as given by
Equation (6), has been subtracted for clarity. We
can appreciate the dispersion, i.e. the higher-order
terms in frequency, as deviations from horizontal lines
in these plots. Furthermore, we can observe that
the variations from showers with different Xmax are
≲ 0.2, which corresponds to shifts that are small com-
pared to the wavelengths. These are therefore too
small to change the level of coherency between the
slices. In our usual interpretation of ∆Xmax we con-
clude that the shower age has no effect on the phases.
This explains why we did not have to account for the
phases when keeping the geometry fixed.

The viewing angle of the antenna on the other
hand, has an important effect as we can see in Figure
5b. Here we also removed the linear component due
to the different arrival times in the antennas. For this
reason we always keep the viewing angle of the anten-
nas fixed in template synthesis, even when changing
geometry.

2.8. Creating a template
The synthesis process can be divided in two steps.

The first one is to generate an input microscopic sim-
ulation, called the origin shower, and process it into a
template. We will discuss this procedure here. In the
next section we discuss how we synthesise the radio
signals of new showers with user-defined longitudinal
developments from these templates.

The origin shower is a microscopic simulation,
sliced in atmospheric depth. This simulation should
contain all the antennas of interest, as the template
will only be defined for those. The reason for this is
that the phases contain important information about

12



(a) Phase spectra in an antenna at 140m from the shower axis, from multiple
showers with different Xmax.

(b) Phase spectra in multiple antennas, from a single shower with Xmax of
920 g/cm2. The labels in the legend are the viewing angles of the antennas,
expressed as fraction of the Cherenkov angle of the slice.

Figure 5: Phases coming from a slice at 800 g/cm2, after unwrapping and correcting for the arrival time as per Equations (5)
and (6). There is little dependency of the spectra on the shower age, as seen in (a). The viewing angle of the antenna, whose
effect is illustrated in (b) does have a important influence though. Therefore we always keep the viewing angle of the antennas
fixed, instead of the position on the ground, when synthesising across air shower geometries.
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the relation between slices and antennas, for which
we rely on the origin shower. If you would like to
synthesise the emission at arbitrary positions on the
ground, we suggest to use an origin shower with an-
tennas arranged in a star-shape pattern, which can
then be interpolated using for example the method
described in [19] after synthesising the radio signal.

For every antenna, we loop over all slices. Each
trace Eslice is decomposed into the GEO and CE
components. For both components we calculate the
amplitude frequency spectrum Aorigin, as well as the
phase frequency spectrum ϕorigin. The amplitude fre-
quency spectra are then normalised according to the
slice and shower parameters, as we discussed in sub-
section 2.4. We then further normalise the amplitude
spectra using the spectral functions, evaluated at the
∆Xslice

max of the current slice and the viewing angle of
the antenna. The phase spectra are shifted with the
arrival times calculated from the origin geometry, us-
ing Equations (5) and (6).

The phase spectrum, together with the final nor-
malised amplitude spectrum per slice, constitute the
template for one antenna. We have these for each an-
tenna in the origin shower. Combining all antennas
together yields what we will refer to as the template
in the following. The template only needs to be con-
structed once for a given origin shower. It can be
stored and reused later.

2.9. Applying template synthesis to retrieve the radio
signal

Equipped with a template, we can now synthesise
the emission from an air shower with a different lon-
gitudinal distribution and, if desired, modified arrival
direction (to within a few degrees). We call this the
target shower. In each antenna, we again loop over
all the slices in the template. We now evaluate the
spectral functions with the ∆Xslice

max of the slice, which
is now calculated with the target Xmax. This is mul-
tiplied with the template amplitude spectrum. We
then also undo the geometry normalisation from sub-
section 2.4, using the values from the target shower.

The template phase spectrum is also adjusted using
the geometry of the target shower, as follows. We first
calculate the arrival times from the signals of each
slice in every antenna using Equation (5). Then we

use Equation (6) with the opposite of these arrival
times (i.e. multiplied by -1) to move the pulses to
the expected peak times. If the target has the same
geometry as the origin shower, this will effectively
cancel out the change made in the previous step. But
if this is not the case, the pulses will be shifted in time
with respect to the origin. This shift will be different
in every slice as the changes in arrival time depend
in a non-linear way on the zenith angle. Hence the
coherency between the different slices will be affected.

The resulting amplitude spectrum is recombined
with the phase spectrum to produce the electric fields
for both the GEO and CE components. After sum-
ming up the contributions from all slices, we are left
with two electric field traces in each antenna. These
can be recombined into a three-dimensional electric
field using the polarisation patterns in the shower
plane, assuming there is no emission in the compo-
nent along the shower axis.

A practical overview of generating and mapping a
template shower using the SMIET software we created
is given in Section 3.

3. Building the SMIET package

Up until this point, we only talked about theory
behind template synthesis. In this section we put
it into practice and construct the software package
that implements the templates synthesis algorithm.
We are delighted to open-source this Python package
under the GPLv3.0 license, such that the entire as-
troparticle community can benefit from it. As of May
2025 it lives at [15]. We refer to the documentation
for instructions on how to install and use it.

The key component of the SMIET package are the
spectral functions. They are provided as a set of p-
parameters, stored in a file which is part of the repos-
itory. Hence a user is not required to generate those
themselves. In subsection 3.1 we explain how we used
a simulation library of almost 800 showers to extract
them, using the method described above. All these
showers were simulated with the same atmosphere,
refractive index profile, observation level and azimuth
angle. Then in subsection 3.2 we describe the typical
workflow of a user of our software.
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3.1. Obtaining the spectral functions

To extract the spectral functions we used a set
of microscopic simulations, using CORSIKA v7.6400
with QGSJET-II and FLUKA as interaction models.
The choice of hadronic interaction model is not rele-
vant for the following however, as the radio emission
is purely driven by the electromagnetic cascade. The
thinning level is 10−7, with optimised weight limita-
tion. For the hadrons and muons we use a low-energy
cutoff of 0.3 GeV, while for electrons and photons
this value is 0.4 GeV. We use the magnetic field
vector from the LOFAR site, which has a strength
of 0.492 Gauss and an inclination of 67.8 degrees.
The refractive index is modelled using the Gladstone-
Dale model, with the value at sea level being set to
n = 1.000292. The atmospheric model we use is the
US standard atmosphere parametrised by Keilhauer,
which is model 17 in CORSIKA [20].

We made several simulation sets, each with a differ-
ent zenith angle. The azimuth angle is always fixed to
0 degrees, which in the CORSIKA coordinate system
means the particle comes in from the South. This
should not limit the generality of our results, as the
azimuthal angle only influences the geomagnetic an-
gle and hence the relative scaling between the geo-
magnetic and charge-excess components. For each
simulation set, we took half of the showers to be ini-
tiated by proton and the other half to be initiated by
an iron nucleus. The energies were randomly sam-
pled from a log-uniform distribution between 1017 eV
and 1019 eV. In [14] we already concluded that we
can safely correct for energy effects over two orders
of magnitude. In Table 1 we give an overview of the
different simulation sets.

For each zenith angle, we choose a set of antenna
positions on the v⃗×

(
v⃗ × B⃗

)
axis. Their distances to

the shower axis were chosen to span from half up to
three times the typical Cherenkov radius of the ge-
ometry in question, with the distance range near the
Cherenkov cone itself being sampled more densely.
With “typical” we mean the Cherenkov radius for an
average Xmax at 1018 eV, given the zenith angle.

In CoREAS, we configure the observers with a sam-
pling rate of 0.2 ns and a time window of 400 ns.
When slicing a simulation in CoREAS, the number

of observers is essentially multiplied by the number
of slices. For example, showers from the 50° zenith
angle set from Table 1 had the equivalent of 9800 ob-
servers. Combining this with the very fine sampling
in time, yields runtimes on the order of weeks. In or-
der to keep them reasonable we simulated the showers
multiple times, each time with a different subset of
antenna positions.

In the following we will want the antennas at fixed
viewing angles, for each slice. To achieve this with
our simulations, we used the Fourier interpolation
method described in [19]. For every slice we interpo-
lated the electric field timeseries on the v⃗ ×

(
v⃗ × B⃗

)
axis to the viewing angle that we require.

In order to obtain the spectral functions, we apply
the same procedure to all simulations. We present the
pseudo-code of this procedure in Algorithm 1. First
we define a list of normalised viewing angles for which
we want to find the spectral functions. These were
chosen such that close to the Cherenkov angle (which
has a viewing angle of 1, as this is given as a fraction
of the Cherenkov angle) we have many samples, while
still having a wide range of interesting angles.

For each viewing angle, we then loop over every
slice that we simulated. We start by interpolating
the signal to the viewing angle we are considering.
Then we decouple the GEO and CE emission compo-
nents. Because all antennas are on the v⃗ ×

(
v⃗ × B⃗

)
axis, this is readily done by selecting one polarisa-
tion of the electric field. After this we calculate
the amplitude frequency spectrum, by applying the
real-valued Fourier transform and taking the absolute
value. We then fit the geomagnetic and charge-excess
components using Equations (3) and (4), respectively.
These include the normalisation discussed in subsec-
tion 2.4. The values of the fitted spectral parameters
are then stored, together with the ∆Xslice

max of the slice
and the chosen viewing angle.

We then proceed to the construction of the spec-
tral functions, which also happens for each viewing
angle separately, as described in subsection 2.5. For
each angle, we bin the fitted values of the spectral
parameters in ∆Xslice

max . To the mean and standard
deviation in each bin, we then fit a quadratic func-
tion, as demonstrated in Figure 4. This finally yields
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Table 1: Overview of the simulation sets used to create the spectral functions for the SMIET software
package. We use the same set to also benchmark the performance of the software in Section 4.

Zenith angle [deg] 20 30 40 50
Number of simulations (p + Fe) 200 199 199 200
Atmospheric depth at ground [g/cm2] 1100.15 1193.74 1349.54 1608.32
Number of slices (using 5 g/cm2) 221 239 270 322
Number of simulated antennas 32 10 49 49

Algorithm 1 Extracting the spectral functions for
the SMIET software
Require: dva = desired viewing angles

for all shower do
for all slices do

for all angle in dva do
ant = interpolate_to_viewing(angle)
for comp = GEO, CE do

trace = get_trace(ant, slice, comp)
norm = remove_scalings(trace, comp)
amp = abs (RFFT (norm))
a, b, c = fit_amp_spectrum(amp, comp)
database ← angle, a, b, c, ∆Xslice

max
end for

end for
end for

end for

us the five different spectral functions, two for the CE
component and three for the GEO one, per viewing
angle that we defined.

for all angle in dva do
a, b, c,∆Xslice

max ← find_vars(database, angle)
for all spectral ∈ (ageo, bgeo, cgeo, ace, bce) do

pi = parabola_fit(∆Xslice
max , spectral)

spectral_functions[angle] ← pi

end for
end for

These spectral functions are each encoded using 3
p-parameters. It is those values that we store to disk
and include in the SMIET software package. The p-
parameters depend on the frequency range over which
the spectra were fitted. They need to extracted sep-

arately for each frequency range of interest. In the
software package we provide the spectral functions
for the [30, 80] MHz and [30, 500] MHz frequency
bands.

3.2. A user’s perspective

The SMIET software has been designed to get new
users up and running with template synthesis as fast
as possible. Several classes are provided to facilitate
the interaction with the files and to run the algorithm
[15]. As of the publication of this article, the spec-
tral functions for two frequency ranges are provided
as part of the package: [30, 80] MHz and [30, 500]
MHz. In order to use template synthesis with other
frequency ranges, you can synthesise traces over the
broad frequency range and filter down after.

In Figure 6 we sketch the typical, basic user work-
flow. The steps highlighted in red can be achieved
with a single function call in the software. Gener-
ating the template takes quite a bit more time than
mapping it. This is why we recommend saving the
template to disk once it is created, which can also
easily be done using a single function call in the soft-
ware. Once the template has been generated, the
mapping part only takes a couple of seconds.

Next to the code necessary to run the synthe-
sis, the package also offers functionality to generate
the CORSIKA input files to simulate origin showers.
These take care of adding enough slices and also au-
tomatically configure the settings to run with MPI.
The antennas can be either placed at the same posi-
tion for every slice, which is the recommended setting
for generating showers, or they can be configured to
be placed under the same set of viewing angles for
each slice. The latter option can be used for experi-
mentation and to regenerate the spectral parameters
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Choose Xmax range
of interest and
EAS geometry

Produce input
CORSIKA files

Simulate origin shower(s)

Process origin
into a template

Save
template
to disk

Choose the longitudinal
profile of target shower

Map template
to target shower

Figure 6: Typical user workflow for the template synthesis soft-
ware. The steps highlighted in red ellipses (as well as the save
operation in the diamond shape) are performed using functions
in the package. After choosing a range of interest, an appro-
priate origin shower needs to be simulated with CoREAS. If
the range in Xmax is larger than 200 g/cm2, multiple origin
showers should be simulated for the best accuracy. After read-
ing in the sliced origin simulations and processing them into
a template, they can optionally be saved to disk. Since this
processing step is computationally more expensive than the
mapping, saving the template is recommended. Once a tem-
plate has been loaded (either from computation or from disk),
the longitudinal profile of the target shower has to be chosen.
This feeds into the algorithm to synthesise the radio emission.

from scratch.
Because template synthesis relies on the decoupling

of the GEO and CE components, we suggest to only
work with antennas on the v⃗×

(
v⃗ × B⃗

)
axis. There,

the decoupling is the easiest and most reliable. After
performing synthesis on these antennas, a complete
star shape can be reconstructed from the known po-
larisation patterns in the shower plane.

In the future, we plan to provide an interface in
the NuRadio framework [21]. This should make it
straightforward to integrate template synthesis into
analyses for which CoREAS is currently used. To-
gether with this interface we also plan to create a
library of origin showers that can be used by every-
one.

4. Benchmarking the performance

With the SMIET software package ready to be used,
we now want to verify its accuracy. For this we bench-
mark template synthesis in subsection 4.1 by synthe-
sising microscopic simulations onto each other. This
allows us to explicitly compare the results of tem-
plate synthesis to full CoREAS simulations. We will
use the same simulation set used to extract the spec-
tral functions, which is described in subsection 3.1.
Since the benchmarks show that template synthesis
has some biases, we introduce in subsection 4.2 an
interpolation approach which deals with them in an
elegant way. From these benchmarks we then con-
clude some guidelines for the practical application of
our method in subsection 4.3.

4.1. Performance metrics over the extraction set
In order to quantify the quality of a synthesised

signal, we define several metrics. Here we compare
the electric field trace sreal produced by CoREAS and
decomposed into the GEO and CE components using
the polarisation patterns in the showerplane, to the
signal ssynth synthesised using our method with the
exact longitudinal profile as given by CORSIKA.

The first one is the ratio of the maxima of the two
time traces,

Speak(ssynth, sreal) =
max(ssynth(t))

max(sreal(t))
. (7)
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We will refer to this quantity as the peak ratio in the
following. Because taking the maximum of a very
noisy trace can result in a random value at the end
of the trace, we limit the time range over which the
maximum can be selected. In order to do this, we
first look for the peak amplitude in the time trace
after filtering it down to [20, 100] MHz. In this band
the signal peak is typically much more defined. We
define a window of ±5 ns around the time of this
peak. To then calculate the peak ratio, we look for
the maximum in the full-bandwidth trace within this
determined window. This is done for the synthesised
and CoREAS traces separately.

The peak ratio relates closely to another important
quantity called the energy ratio, namely the ratio of
the energy fluence contained in the signals,

Sfluence(ssynth, sreal) =
F(ssynth(t))

F(sreal(t))
, (8)

where the fluence is calculated as

F(s) ∝ ∆t
∑
m

s(m ·∆t)2 . (9)

Here ∆t is the sample time used in the simulation and
m runs over the samples. Also here we use the peak
find algorithm mentioned above, to avoid integrating
over the noisy parts of the trace. We calculate the
fluence in a window of ±25 ns around the peak time.

Another interesting quantity is the time offset be-
tween the maxima. This can be determined using the
Hilbert envelope H, which is found as

H(s(t)) = |FFT−1(FFT (s)2U)| ,

where FFT indicates the Fourier transform and U
is the unit step function. To obtain the time offset,
we can look at the difference in timing between the
peaks of the Hilbert envelopes of the synthesised and
CoREAS signal,

SHilbert(ssynth, sreal) =

t|max(H(ssynth)) − t|max(H(sreal)) . (10)

The reason to use the Hilbert envelope instead of the
raw signal, is that the former does not depend on
where in the time bin the actual pulse is.

The results of the peak ratio benchmarks is shown
in Figure 7. Since the conclusions from the other
benchmarks align with the following, we refer read-
ers to Appendix B to see the plots for the energy ratio
and comparison of the Hilbert timings. We used the
simulations sets given in Table 1. The benchmark-
ing was performed per simulation set, i.e. per zenith
angle. Within each set, we took every shower as the
origin to synthesise all other ones. In each antenna
we then calculated the peak and energy ratio scores,
and recorded those with the ∆Xmax of the two. To
understand how the scores change with this parame-
ter, we bin them in ∆Xmax.

Since the simulation set contains showers with
strongly varying footprint sizes, we only select an-
tennas which are contained in the footprint by ap-
plying a cut on the peak amplitude. For each shower
we find the peak amplitude of both components in
each antenna using the CoREAS traces. If a trace
has less than 5% of the highest recorded peak of that
component in the simulation, it is not considered for
the benchmarking.7 After this cut we can then cal-
culate the mean and the standard deviation in each
bin. This is what we show in Figure 7.

In the bottom plots, which show the mean value
per bin, each coloured line refers to one antenna.
The uncertainty on the mean value is the standard
deviation divided by the square root of points in
the bin. The lines are colour-coded by the dis-
tance to shower axis, in the shower plane. Overall
we observe biases typically below 5%, with a few
antenna locations going up to 10% over the range
∆Xmax ∈ [−200, 200] g/cm2. These have a partic-
ular shape and become smaller as the ∆Xmax be-
comes smaller. The parameter which correlates most
strongly with this bias is the distance of the antenna
to shower axis in the shower plane. It is interesting
to note that the bias seems to be very symmetrical
around ∆Xmax = 0. We suspect the shape of the bias
reveals something about its origin, but so far we have
not been able to track it down. Therefore we have to

7This does not mean that 5% of the antennas is removed
from the set. Depending on the peak values in each antenna,
this criteria could remove none of them or almost all.
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Figure 7: The peak ratio metric Speak from Equation (7), calculated over the simulation sets detailed in Table 1. The sets
are differentiated using different linestyles. The colour of the lines reflects the distance to the shower axis in the shower plane.
In these plots, the values of the metric are binned in ∆Xmax. The plots at the top show the standard deviation in every bin,
where the entries are slightly shifted within each bin for better clarity. Underneath those we show the evolution on the mean
value in each bin. Here the error bars are the standard deviations divided by the square root of the number of samples in
the bin to reflect the uncertainty on the mean estimation. These results were obtained by synthesising over the [30, 500] MHz
band. To create these figures, we only included antennas which had at least 5% of the peak amplitude found in the set, to
exclude noisy antennas with little signal. In the plot of the geomagnetic component we removed the 20 ° shower set because
its geomagnetic signal is too small and the resulting fluctuations are mainly due to numeric noise. For the other three sets the
deviations are about 2% around ∆Xmax = 0 g/cm2 and grow up to 6% at ∆Xmax = ±200 g/cm2. These values are similar for
all antennas and zenith angles. This is not the case for charge-excess, where the antennas closest to the shower axis have the
biggest deviations. Since the charge-excess contribution drops to zero near the shower axis, this is to be expected. The antennas
where the signal is stronger show a similar behaviour as the geomagnetic case. The standard deviations are the smallest around
∆Xmax = 0 g/cm2, about 4%. In this case they grow up to 9% at ∆Xmax = ±200 g/cm2. In general the results show the
biggest standard deviations for the weakest parts of the signal, where we can expect there be more scatter inherently. Overall
we can conclude that the safe range for application of template synthesis is |∆Xmax| ≤ 200 g/cm2, which we indicate by the
grey bands in the plots.
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postpone this to future work. We could opt to fit this
bias and correct for it, akin to the approach we took
in [14], but we prefer to not complicate the method
any further. Instead, we will present a different ap-
proach which can more naturally correct for this bias
in the next section.

Still, we can appreciate that for the antennas which
are close to the typical Cherenkov ring (150 - 300 m),
the synthesis performs better. This probably hints at
the fact that the biggest deviations are from traces
which simply do not contain a lot of signal, namely
the antennas very far away and very close to the
shower axis (the latter in particular for the charge
excess emission). We presume that the shape of the
amplitude frequency spectrum will also play a big
role. Close to the Cherenkov ring, the spectrum be-
comes very flat which is fitted more easily.

We can also see that the different lines overlap,
irrespective of the zenith angle of the set. This is a
good indication that the method is indeed universal
with respect to the geometry. Even the biases seem
to follow the same trend for all shower sets.

On top of the mean plots we show the standard
deviation in each bin, not divided by the number of
entries. To limit the overlap, the different lines have
been slightly shifted with respect to each other. They
are again coloured by the distance to the shower axis.
For the GEO component we can see that the stan-
dard deviation is minimal at ∆Xmax = 0 g/cm2 and
increases as the absolute value of ∆Xmax increases.
This is the same behaviour as we observed in [14] and
is to be expected, as a larger ∆Xmax is an indication
that the origin and target showers are more different.
We do have to note that we had to remove the 20°
zenith set from this benchmark, because it happened
to have a very small geomagnetic angle of about 2.3°,
which introduced large scatter in the GEO scores.
We can also observe that the standard deviations are
not dependent on the distance to the shower axis.

This is not the case for the CE component. We
can clearly observe that the standard deviations of
the CE component become very large for antennas
closer than 50 m to the shower axis. However, in this
range, we do not expect a large contribution from
this component [6]. So we can again presume this is
mostly due to the calculation of ratios of small num-

bers. Close to the typical Cherenkov ring the stan-
dard deviations are minimal and they grow slightly
again as we move to farther distances. This seems
to follow the trend of expected signal strength of the
CE component. Furthermore, since the CE is usually
much weaker than the GEO component (as is clearly
visible in Figure 5), we can presume the worse scores
overall are due to a lack of clear signal, which would
not be used for reconstructions anyway.

4.2. Interpolated synthesis to remove the bias
Since the biases in the benchmarks look symmetri-

cal in ∆Xmax, there is a straightforward way to com-
pensate for them. If we used two origin showers, one
with an Xmax bigger and one with an Xmax smaller
than the target, both synthesised traces should have
opposite biases. Hence, we could take the weighted
mean of these two synthesised traces to get an unbi-
ased result. Since this amounts to performing a linear
interpolation per time sample, we call this “interpo-
lated synthesis”.

In Figure 8 we show an example of applying this
procedure. We can see that taking the weighted aver-
age indeed corrects for the biases and results in a syn-
thesised trace which is almost perfectly in line with
the CoREAS simulation. In our example the two ori-
gin showers have similar, but opposite, ∆Xmax with
respect to the target. This is only for better clarity,
as the synthesised traces will have similar biases. It is
not necessary in general, as one can weight the con-
tributions from both depending on the ratio of the
two ∆Xmax.

Apart from correcting for the biases, this approach
also allows to construct an object which can synthe-
sise over the whole Xmax range of interest. If, for
example, a user wants to synthesise showers with an
Xmax between two known values, they could generate
origin showers with Xmax at intervals of 100 g/cm2.
This ensures that the target shower is always within
100 g/cm2 of two origin showers, where the linear
relation in the bias is the strongest. For any target
they would then pick the origin shower with the Xmax
above and below the target one, and use those two to
perform the interpolated synthesis.

We have not investigated this avenue in much de-
tail, so improvements to this approach will surely
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Figure 8: An example of applying a linear interpolation to the
results of two syntheses, one with a positive ∆Xmax and with
a negative one. Here we show the electric field amplitudes of
the geomagnetic component in an antenna at 90 m from the
shower axis (in the shower plane). For comparison we show
the results of the individual syntheses in the top plot and their
average in the bottom plot. We can see the biases in the top
plot, where the blue line (negative ∆Xmax) slightly overshoots
the CoREAS result and the red line (positive ∆Xmax) slightly
undershoots. Taking the weighted average gives a result which
traces the CoREAS line much better.

be possible. These would probably take special care
to adjust the interpolation for the non-linearities in
the biases. The shapes of the bias curves also seem
to change in a consistent way with distance to the
shower axis, which could be included as well.

4.3. Using template synthesis in practice

From the previous benchmarks, we can conclude
a couple of things. First of all, we see that as long
as we stay with 100 g/cm2 of the origin shower, the
peak amplitude of the synthesised geomagnetic com-
ponent signal is within 4% of the CoREAS signal
over the frequency band [30, 500] MHz. Going to
a difference of 200 g/cm2, this difference increases to
about 6%. For the synthesised charge-excess compo-
nent on the other hand, we observe a 6% variation
in the ±100 g/cm2 range and a 9% variation in the
±200 g/cm2 range. The inherent shower-to-shower
fluctuations are bound to lead to scatter on the 4%
level [14]. They act as a lower bound on the accuracy
our method will achieve, in the sense that we do not
expect our benchmarks to have variations lower than
this value. As such we conclude that the template
synthesis algorithm itself does not introduce much
additional scatter.

In the end we can conclude that for practical appli-
cations of template synthesis, one should use origin
showers whose Xmax value is within 200 g/cm2 of
the target Xmax. If a higher precision is required,
the range should be limited to 100 g/cm2. We also
suggest users to adopt the interpolated synthesis ap-
proach, as it can be implemented without much effort
and improves the results dramatically.

5. Checking the universality of our approach

Until now, all simulations used to build the spectral
functions and test the method were set to the mag-
netic field at the LOFAR site, an observation level at
sea level, and the US standard atmosphere. In order
to see if our new approach is truly general, we need
to verify that our spectral functions do not depend
on these specific settings. Therefore, in this section
we will vary these and check if the performance is
similar to the results in the previous section. At the
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same time, these tests will also highlight several use
cases for template synthesis.

For each analysis, we simulated 20 (sliced) show-
ers, each with 26 antennas on the v⃗ ×

(
v⃗ × B⃗

)
axis.

In this section we used CORSIKA v7.7550, which in-
cludes a bugfix allowing us to use the MPI-enabled
version. This means we do not longer have to rerun
simulations with subsets of antennas. All other set-
tings, such as interaction models, weight limitation,
etc. are identical to subsection 3.1. We perform the
same benchmarks as in the previous section on this
smaller set of showers, also applying the 5% peak
amplitude cut. Of course, the statistics will be much
lower, but we should still be able to observe the same
trends in the data. We still use the spectral functions
extracted in Section 3, but use the newly generated
simulations as input showers.

5.1. Applying template synthesis to the AERA site
One of the primary motivations to develop a more

general template synthesis model is to be able to ap-
ply the approach in the context of many different
experiments around the world. Therefore, in a first
study, we looked at using simulations from a differ-
ent experiment site. We chose to make a shower set
using the parameters of the AERA site [22]. This in-
cludes setting the observation level to 1564 m above
sea level, which will effectively reduce the number of
slices we will process, as well as changing the mag-
netic field to a value of 19.69 µT in the northern
direction and 14.14 µT in the upwards direction. We
did not change the atmospheric model and fixed the
arrival direction to coming from the South with a 40°
zenith angle. The antennas are also still placed on
the v⃗ ×

(
v⃗ × B⃗

)
axis.

In Figure 9 we show the results of the benchmark-
ing, which is carried out in the same way as detailed
in the previous section. As we can see, the mean val-
ues follow the same trend as our results from Section
4. The standard deviations are a bit larger, which
are most probably due to the much smaller sample
size. In the case of the GEO emission, the antennas
furthest from the shower axis are cut by our 5% re-
quirement which is why they do not appear in the
plot. The cut removes fewer antennas from the CE

case, because the emission is much more similar in
all antennas. We suspect this is the reason for the
increased scatter in this case. Still, for the antennas
in which we expect a sizeable CE contribution (be-
tween 100 and 300 m from the shower axis) we do
have standard deviations which are on the same level
as the general benchmarks from the previous section.

Given that within the uncertainties the results
overlap with the general benchmarks, we conclude
that our method correctly accounts for the magnetic
field and observation level, and that the spectral func-
tions we extracted previously do indeed generalise in
this case.

5.2. Using showers with high-density atmospheres
Another important factor in the simulation is the

type of atmosphere. Until now, we ran all our
simulations with the US standard atmosphere as
parametrised by Keilhauer. Here we want to test
if we can use our spectral functions with simulations
that use a different atmosphere (while still keeping
the atmosphere fixed during the synthesis process).
For this we created an artificial atmosphere by tak-
ing the one we had before and increasing the den-
sity by 10%.8 This change is rather extreme, and
corresponds to the largest difference in air pressure
measured in The Netherlands last year.

Together with changing the atmospheric density
profile, we also adapted the refractive index gradi-
ent. We still use the Gladstone-Dale model, but
the refractivity at sea level is also increased by
10%. Hence, the refractive index in this simula-
tion set is n0 = 1.000321. This was calculated as
[1.1 · (1.000292− 1)] + 1. All simulated showers have
the same geometry, which we set to 40° zenith angle
and coming from the South. The magnetic field was
again the one from LOFAR.

While changing the mass overburden does not
change the longitudinal profile of the showers, as
these are expressed in g/cm2, it will change the geo-
metrical proportions of it. Also the geometrical size

8In CORSIKA, we achieved this by using ATMOD 0 and
giving the layer parameters manually. These were the param-
eters from model 17, but the a and b parameters of the first
four layers we multiplied by 1.1.
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(a) Geomagnetic component (b) Charge-excess component

Figure 9: The peak ratio scores for the simulation set using the AERA settings, from subsection 5.1. All showers have the
same geometry, with a zenith angle of 40° and an azimuth angle of 0° in the CORSIKA coordinate system. The observation
level of the simulations is set to 1564m, which is different from the 0m which was used for all the other simulations. We
also used a different magnetic field, with values of 19.69 µT and 14.14 µT in the northern and upward direction, respectively,
corresponding to the one typically used for simulations at the AERA site. The energies are still sampled from a log-uniform
distribution between 1017 eV to 1019 eV. In the GEO case (left) the antennas above ∼ 300 m are removed because of the
requirement that the peak amplitude is at least 5% of the maximal amplitude in the footprint. This cut has less impact in
the CE case (right) because the amplitudes in the antennas are much closer to each other. While this makes the standard
deviations bigger, it has little effect on the mean values. They still follow the same trends as the GEO case, which are both in
agreement with the general benchmarks.
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of our slices will change, since we fix their size to
5 g/cm2. Therefore there will be many more of them.
However, we can still apply the same principles to
synthesise the emission from showers with a differ-
ent profile, given that we use the new density and
refractive index profile when evaluating the spectral
functions.

The trends in Figure 10 are similar to what we ob-
served in Figure 9. In the GEO case the antennas
farthest from the shower axis are again cut away by
the check on minimal peak amplitude. The standard
deviations are on the same level as the general bench-
marks, between 3% and 5%. For the CE we also see
that fewer antennas are removed by the check. This
is very apparent by the fact that the antenna at 25 m
from the shower axis (the black line that runs from
the lower left to the top right) is not removed. We do
not expect any significant signal in this antenna, so it
should not really be considered. If we only look at the
antennas in the 100− 300 m range, we observe mean
values and standard deviations which are similar to
the general benchmarks.

Due to the increased mass overburden, the shower
develops much farther away from ground. The in-
creased distance results in overall lower amplitudes.
This might explain why the cut on amplitude works
even less well in CE case, as numerical errors might
become relevant.

5.3. Synthesising a shower with a different geometry
than the template

Lastly, we also want to explore the use case where
we want to vary the geometry of the shower by up to
a few degrees. This use case is relevant for fitting the
arrival direction of a cosmic ray event. In the case
of LOFAR, the particle detector array which triggers
the read-out gives an estimate of the arrival direc-
tion with an accuracy of about 1°. When processing
the radio data, we would then generate a CoREAS
simulation with that geometry [23]. During a recon-
struction we can further refine the arrival direction
estimate using the radio signal, and hence we would
like to be able to quickly vary this direction without
having to regenerate a new origin shower.

For this test, we simulated two base showers, one
with a proton primary and one with an iron primary.

They both had a zenith angle of 30 degrees and an
azimuth angle of 45 degrees. Then, we simulated 18
additional showers, 9 for each primary. Their arrival
directions were varied with respect to the base case up
to 8 degrees in zenith angle and 5 degrees in azimuth
angle. For the antennas we chose to always take the
same positions in the shower plane. Of course these
project to different positions on the ground for each
geometry. When comparing the synthesis result to
the CoREAS trace, we compare the result of synthesis
in the antenna which has the same position in the
shower plane to the simulation.

The benchmarking is again done in the same way
as before. However, in this case we split the results
based on zenith angle. Namely, when using a spe-
cific origin shower, we can only reasonably expect
to be able to synthesise the emission from showers
with a zenith angle which is lower or equal to that of
the origin. Otherwise the target profile would con-
tain slices which are not present in the template. For
these we thus have no way of producing a synthe-
sised signal. Still, the algorithm implemented in the
SMIET software will not crash when trying to synthe-
sise a shower with higher zenith angle. It will simply
return the emission for all the slices the template does
contain. Since there is generally little emission in the
last slices, it could still be reliable, although we did
not look at this case in much detail.

As we can see in Figure 11, the benchmark fol-
lows again the same trends. However, here we plot
the median value instead of the mean. The reason is
that the mean scores are heavily influenced by out-
liers. These outliers also result in the much increased
standard deviations.

To understand where these outliers come from, we
can look in more detail at how the peak scores de-
pend on the difference in geometry in Figure 12. We
can see that they depend strongly on how much we
vary the zenith angle. A change in zenith angle will
to first order change the arrival time of the signals.
We correct for this change using the phase correc-
tions, as explained in subsection 2.7. While this does
improve the scores (without the phase corrections the
peak ratio scores ranged from 0.5 to 1.5), there are
clearly some secondary effects at play. We do note
that these correlations between the peak ratio score
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(a) Geomagnetic component (b) Charge-excess component

Figure 10: The results of the peak ratio metric for the shower set which was simulated with an artificially heavy atmosphere,
from subsection 5.2. Here we used the LOFAR magnetic field and set the observation level back to 0m above sea level. The
geometry of the showers is again 40° zenith angle, coming from the South. We did however use an artificial atmosphere, where
we increased the mass overburden of the US standard atmosphere (by B. Keilhauer) by 10%. Correspondingly, we increased
the refractivity at sea level also by 10%. We see again that the antennas above ∼ 350 m from the shower axis are removed in
the GEO plots (left) because of the cut on peak amplitude, which is not the case for the CE plots (right). This increases the
standard deviations for the antennas very close to and very far away from the shower axis. In the antennas where we expect
the strongest signal we do see a clear dip in the standard deviations, which for those antennas stay around 6%. The trends of
the mean values, as well as the standard deviations, are similar to those from the general benchmarks.
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(a) Geomagnetic component (b) Charge-excess component

Figure 11: The peak ratio scores for the test case where we vary the geometry of the showers (see subsection 5.3). In this case
the observation level and magnetic field were set at the same values as the general benchmarks. The energies were randomly
sampled from the same distribution, a log-uniform disbtribution between 1017 eV to 1019 eV. The showers all had different
zenith and/or azimuth angles, except for two base showers (one initiated by proton and one by iron). The differences with
respect to these base showers were up to 8 degrees in zenith angle and 5 degrees in azimuth angle. To make this plot, we
selected the instances where the origin shower had a zenith angle equal or larger than the target shower. Note that we plot the
median score instead of the mean, because of the outliers coming from the synthesis across the largest zenith angle difference.
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and the zenith angle depend on the antenna distance
to the shower axis.

Overall, we can conclude that it is possible to vary
the geometry of the target shower with respect to
the origin within a couple of degrees in zenith angle.
While we did not perform a statistical analysis over
the entire antenna set, we can say that from manual
inspection it appears that as long as the difference in
zenith angle is not larger than ∼ 3◦, the peak ratio
score stays within one standard deviation. Changes
in azimuth do not introduce any changes in synthesis
quality, as long as we properly rotate the antennas
(which we achieve by ensuring the positions match in
the shower plane).

6. Discussion

Here we wish to touch upon a few aspects which we
have not discussed yet. First of all, we want to high-
light that template synthesis is not only fast, but also
fully differentiable. We explain in subsection 6.1 how
we achieved this using a relatively new Python frame-
work. Because of this feature, template synthesis can
be used in new analyses which use machine-learning
techniques. But thanks to its computational perfor-
mance, the method can already be used in state-of-
the-art analyses, where it will allow for reconstruc-
tion of more parameters than just Xmax. These av-
enues are explored in subsection 6.2. Then in subsec-
tion 6.3 we discuss some potential implications which
arise from the observed scalings and universality in
our approach. Lastly we give an overview of potential
improvements and future work in subsection 6.4.

6.1. The differentiability of template synthesis
From its inception, template synthesis was meant

to be a fully differentiable forward model. This means
that it can readily be utilised in applications that
require this property. One obvious example would be
machine-learning-based methods, which rely on back-
propagation to train.

Another notable use case that we envision is us-
ing template synthesis for Information Field Theory
(IFT) [24]. This new and highly flexible reconstruc-
tion approach is based on Bayesian inference and like-
lihoods. It fits the parameters of a physical model by

Figure 12: The peak ratio scores for individual synthesis cases
where |∆Xmax| < 25 g/cm2, using showers from the set with
different geometries. In this range we expect minimal biases
from the template synthesis approach itself. Here we show
the scores in an antenna on the v⃗ ×

(
v⃗ × B⃗

)
axis, at 200 m

from the shower core. These are the entries that are used
to calculate the median score in the central bin of Figure 11.
We relate the score to the difference in zenith angle between
target and origin shower. The points are coloured based on the
difference in azimuth angle. We do not see any dependency on
the azimuth angle, which is to be expected. The zenith angle
does have a strong influence on the result though. The peak
ratio score drops quickly as the difference between zenith angle
of origin and target shower becomes larger. However, for any
practical purposes, where changes in zenith angle would be on
the order of one degree, the deviations are minimal.
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comparing it to data samples in an iterative way. The
framework allows to specify prior knowledge about
the parameters, which is taken into account during
the fitting. At the end, one recovers the statistical
distribution of the optimised parameters. This al-
lows to not only find the best fitting values, but also
determine the certainty on the model. One crucial
difference with machine learning is that it does not
require a training phase. Rather it infers all the pa-
rameters in “one shot” using all the data available.

In order for a model to be used in an IFT-based
reconstruction, it needs to be fast and differentiable.
During the iterative procedure, the model is evalu-
ated many times, so the speed with which a function
call is made is key. These requirements influenced
the design of template synthesis in two key aspects.
Firstly, we explicitly separated the template genera-
tion process from the synthesis step. This was not
obvious, because due to the many divisions and mul-
tiplications it appeared more numerically stable to
combine these. However, thanks to this change it
is possible to save templates to disk after they have
been created. Since this is by far the more expensive
operation, it allows for much faster execution when
sampling many different longitudinal profiles.

Secondly, we rewrote the entire codebase in JAX
[25]. JAX is a numerical computation framework
akin to NumPy, but offering features like just-in-time
compilation and GPU/TPU acceleration. It also has
built-in differentiation transformations, which make
it easy to compute gradients. Originally intended for
machine learning research, the JAX framework has
been adopted by the IFT community as its de facto
framework. Both the NumPy and the JAX imple-
mentations of the template synthesis code are avail-
able in the same repository. Care has been taken
to make migrating a script from one to the other as
seamless as possible. We do however note that JAX
obfuscates many of the computations and is there-
fore more difficult to interpret. New users are en-
couraged to use the NumPy implementation first and
only move to the JAX version if they need raw per-
formance.

6.2. Next-generation analyses with template synthe-
sis

The ability to generate hundreds or thousands of
shower for any observation in a short amount of
time will open up new avenues for analyses. In the
previous section we already mentioned the IFT ap-
proaches, which could enable us to reconstruct the
entire longitudinal profile. [26] But even using a more
classic χ2-fitting routine we can reconstruct more
than just the shower maximum. In [27] the authors
found a linear combination of L and R, the shower
width and asymmetry respectively, that could be
reconstructed from densely sampled radio-emission
data given enough simulations. The latter part is
prohibitive, as generating the necessary amount of
simulations for each event would require enormous
amounts of computational resources and time. How-
ever, with template synthesis we can keep the com-
putational impact similar to the standard Xmax re-
construction. Furthermore, since we can control the
parameters of the longitudinal profile very precisely,
we surmise that we could reconstruct both the width
as well as the asymmetry separately.

Another application that we think would be fruitful
to explore is to connect template synthesis to inter-
ferometric techniques. Previous work on deconvolv-
ing the detector effects and shower development used
purely a macroscopic approach [28]. Coupling this to
template synthesis could offer new insights.

6.3. Implications for air shower physics
It was reported before that proton and iron showers

gave different signatures in their radio emission [29].
This is of interest to us, because template synthe-
sis uses the principle that the primary particle type
has no influence on the radio emission. All the in-
formation comes from the longitudinal profile of the
electromagnetic cascade. In all of our testing, we
could not find any discernable difference between the
two particle types. To investigate deeper we split
the benchmarking results from Section 4 per primary
type.

In Figure 13 we show the subset of peak ratio
scores which come from synthesising a target shower
only with origin showers of the same primary parti-
cle type. While the mean peak ratio scores do shift
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(a) Geomagnetic component (b) Charge-excess component

Figure 13: The results of the benchmarks from Section 4, but selecting only synthesis cases where the primary type of the
origin and target are equal. The line that cuts off around ∆Xmax ≈ 50 g/cm2 in the GEO plot is the result of the 5% cut in
amplitude. This line corresponds to an antenna from the 30° zenith angle shower set, which sits at more than 300 m from the
shower axis. When ∆Xmax grows more positive the target moves closer to the ground and as a result this antenna falls outside
of the footprint at some point. In the region around ∆Xmax = 0 g/cm2 there is practically no change to the results. Further
out the mean values do shift, but the standard deviations are also larger. This is due to the fact that these bins are mostly
populated by synthesis coming from mapping proton showers to iron showers or vice versa, as the mean Xmax values of both
elements are different. From this we cannot see any difference in the radio emission from these two primaries, apart from the
differences in the longitudinal profile.
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slightly, the changes are mostly in the bins with high
∆Xmax. These bins probably contain fewer entries in
this case, since the Xmax distributions of proton and
iron showers peak at different values. This is also vis-
ible in the uncertainties which are bigger. However,
for ∆Xmax ∈ [−100, 100] g/cm2 there is practically
no change in the mean scores. Hence we conclude
that we do not observe any statistically significant
difference between the two cases.

We also want to come back on the use of ∆Xmax in
our method. We made a similar analysis as in Figure
3b, but selecting slices where the showers had the
same shower age

s =
3t

t+ 2tmax
,

where t =
X

X0
,

instead of the same ∆Xmax. While the spectra also
overlapped after rescaling, the remaining scatter in
the spectra was on the same level and by eye even
looked slightly larger than the case we discussed
here. This is an interesting observation because most
shower properties like the energy distribution are usu-
ally universally described in terms of shower age.
Moreover the mapping from ∆Xmax to shower age
is non-linear. In [30] however, the author presents an
expansion of the shower age into a quantity that is
a multiple of ∆Xmax. In that paper they discuss a
different definition of shower age which relates to the
slope of the longitudinal profile. More recently in [31]
the authors also offer an improved longitudinal de-
scription of electromagnetic air showers, which results
in a different relationship between shower age and at-
mospheric depth. This could be related to what we
see here, in the sense that one of the defining factors
of the emission from a slice might be rate of change in
the particle number in that slice. That variable would
for example definitely influence the current variation
which is responsible for the geomagnetic component.

6.4. Further prospects

The template synthesis method is now ready to
be used by the astroparticle community. Still, there
are a couple of aspects that could be investigated

deeper in future work. The first of which is related
to what we discussed in the previous section. Our
suspicion is that the emission pattern of a slice is
strongly (cor)related to the energy distribution of the
electrons and positrons in that slice. These distribu-
tions can be related to the age of the shower in the
slice, such that they become highly universal [32].
In turn this could explain why the synthesis process
works from a physical point of view. Using a modi-
fied version of CoREAS, one can extract the energy
distributions of every slice. We believe it would be
enlightening to analyse these and perhaps see if they
follow similar trends as the spectral parameters.

Then there are also some improvements which can
be made to the method in the future, as the standard
deviations from the benchmarks were slightly larger
than the scatter expected from the shower-to-shower
fluctuations. As we mentioned, we relied on inter-
polation to get the signal at the viewing angles we
desired in every slice. However, it is possible to sim-
ulate the antennas in CoREAS at the exact viewing
angles, since one can configure the antennas to have
different positions for each slice. We implemented the
functionality to generate the input files for this case
in the SMIET package. The reason we did not per-
form this analysis is because simulating the required
amount of showers to extract the spectral parameters
is computationally expensive, and we already achieve
good performance with the current version. But if re-
finements to the method were desired in the future,
this could be a good place to start.

Another possible future addition is to study and
parametrise the changes in the phase spectra due
to viewing angle, which may improve the range over
which the zenith angle can change from input to tar-
get shower.

One more improvement which would benefit tem-
plate synthesis a lot, is a better decoupling scheme for
the two emission components. Currently this is based
on the position of the antenna in the shower plane.
On the v⃗ × B⃗ axis, this completely fails. Models to
better isolate the GEO component exist for highly
inclined air showers, which if generalised could also
benefit our method [33].

Lastly we also want to touch upon the question up
to which zenith angle template synthesis stays valid.
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This will probably depend on whether the scaling re-
lations we use in Section 2.4 remain valid for very
inclined air showers. In [34] the authors report that
from 70° onwards the GEO component scales differ-
ently with the air density. This is similar to the re-
sults obtained in [18] where the authors observed a
loss of coherency if the density became very low. It
remains to be seen if this has a significant impact
on template synthesis. As we work per slice, the de-
viations from the scalings might be similar for both
origin and target, effectively cancelling and resulting
in a good synthesis result. But we have not tested
this so far.

In any case, from about 60° onwards, the Radio
Morphing approach becomes valid. As we mentioned
before, we view template synthesis as a complemen-
tary method to this one. Hence even if template syn-
thesis would break down at high zenith angle, one
could still combine the two to have an approach that
can cover any zenith angle.

In Radio Morphing all emission is considered to
originate from Xmax. This is like applying template
synthesis with only one slice, which encapsulates the
entire shower and has a “position” at the Xmax of the
shower. So we expect that in the zenith angle range
from 60° to 70°, both methods should converge. An
interesting analysis would be to check this explicitly,
by comparing the results as well as by looking at the
scaling relations both methods use and relate them
to each other.

7. Conclusion and future work

In this work we presented the generalised version
of the template synthesis approach, of which we gave
a proof of concept in [14]. The method combines el-
ements from both microscopic and macroscopic ap-
proaches to the radio emission from extensive air
showers. Just like in other macroscopic approaches,
we consider the emission to consist of two compo-
nents: the geomagnetic and charge-excess ones. The
former results from the transverse current in the
shower front, which varies as the shower propagates
through the atmosphere. The latter on the other
hand is the consequence of a charge imbalance be-
tween the shower front, which carries with it a lot of

electrons which are stripped off air molecules, and the
positive ions that are left behind from said stripping.

Template synthesis also incorporates information
from microscopic, Monte-Carlo approaches though.
It uses semi-analytical parametrisations of the am-
plitude frequency spectra which are extracted from
big sets of CoREAS showers, which we call spectral
functions. We normalise these spectra according to a
set of scaling relations, which we found correct for ge-
ometrical, atmospheric and magnetic effects. These
spectral functions then capture the behaviour of the
amplitude spectra on the shower age, which is a mea-
sure of the stage of development the shower is in.

The spectra do show some fluctuations on top of
the parametrisations that we introduced, however.
These are commonly referred to as shower-to-shower
fluctuations. To capture these in template synthe-
sis, we start from a single microscopically simulated
shower as an input. We can then use the aforemen-
tioned parametrisations to rescale the emission based
on the shower age.

Central to the whole procedure is the idea of atmo-
spheric slicing. In every antenna the radiation is split
into contributions from slices of a fixed atmospheric
depth. The total signal in an antenna can easily be
retrieved by summing up all contributions. But dur-
ing the synthesis process we can use the fact that
each slice acts as a point source to rescale emission
based on the shower properties. These rescaling are
computationally easy, which makes the whole proce-
dure feasible in a matter of minutes. This is order of
magnitude faster than the typical runtimes of Monte-
Carlo based techniques.

In order to arrive at a description of our method
which can be applied to all geometries with zenith
angles up to 50°, we presented a geometrical setup
which relates the antennas to the slices using their
respective viewing angles. Crucially, these were ex-
pressed as fractions of the Cherenkov angle in the
slice. This corrects for changes in the emission pat-
tern when the refractive index in the slice changes, as
the Cherenkov angle is dependent on that quantity.

We also introduced an explicit treatment of the
phase frequency spectra. In the template synthesis
procedure we account for the arrival time of a signal
in an antenna, by calculating the travel time from
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the slice as well as its emission time. This has a
significant effect on the coherence of the pulses com-
ing from the different slices, which is a crucial factor
when trying to synthesise a shower with a different
zenith angle.

To verify the generality of template synthesis, we
considered three different test scenarios. First we
used a simulation library which was generated with
settings of the AERA site, which are different from
the ones used to generate the spectral functions. In
a second scenario, we significantly changed the at-
mosphere used to simulate the showers. The index
of refraction was adapted accordingly. In both cases
we did not see a significant drop in synthesis perfor-
mance. We did notice, however, that the smaller am-
plitudes caused by the heavier atmosphere did play
an important factor when benchmarking the method.

Lastly we also looked at synthesising a shower with
a different geometry than the input shower. This
was possible thanks to the phase calculation we im-
plemented. We are able to synthesise showers up to
3° lower in zenith angle, with biases lower than 5%.
Going to higher zenith angles will always remain a
challenge, as in this case we have a section of atmo-
sphere for which we have no template signal. The
azimuthal angle has no impact on the synthesis qual-
ity, as long as the antenna positions are rotated ac-
cordingly (which is taken into account by the viewing
angle setup).

We benchmarked the method by comparing the
results of template synthesis to traces coming from
CoREAS. Our main metric was the ratio of the
peak in the synthesised trace to the peak in the
CoREAS simulation. From this we found a slight
bias of synthesised traces, which seemed to depend
on the distance to shower axis. This bias was 0
when the difference in Xmax between the origin and
target shower was close to 0 g/cm2 and grew as
|∆Xmax| grew. Interestingly the bias appears point-
symmetrical around ∆Xmax = 0 g/cm2, which makes
it possible to correct for it by taking a weighted av-
erage of two synthesised traces, if we use one origin
shower with an Xmax higher than the target and a
second origin shower which has a lower Xmax.

Similarly the deviations from the mean ratio also
grew with ∆Xmax. They were a few percent around

∆Xmax ≈ 0 g/cm2, which is on the same level as the
shower-to-shower fluctuations we inherently expect.
When going to |∆Xmax| = 200 g/cm2 they grew up
to 6% and 9% for the geomagnetic and charge-excess
components respectively, which is well within the tol-
erances of most analyses and similar to results ob-
tained for the fixed geometry case [14]. All of these
results were obtained using the [30, 500] MHz fre-
quency band. When using smaller frequency ranges,
these results improve. In [14] for example, we found
that the standard deviations are halved when work-
ing in the smaller [30, 80] MHz range.

In an effort to allow everyone to use template syn-
thesis, we created a Python package which is now
public. We implemented the algorithm in two dif-
ferent frameworks. The first one is NumPy, which
most people are familiar with. This version of the
code is ideal for understanding the inner workings
as well as debugging specific aspects, as it provides
some convenience classes. We also have a JAX im-
plementation, which has the benefit of being much
more performant as well as fully differentiable out of
the box. This makes it easy to slot the package into
machine learning or information field theory applica-
tions. An interface into the NuRadio framework is
planned and will be released in the near future.

We are excited to see all the applications for which
template synthesis will be used. A first analysis we
are working on is a LOFAR-style Xmax reconstruction
using template synthesis instead of CoREAS simula-
tion. Next to this, we are also working on an IFT
based reconstruction of the longitudinal profile of an
air shower using the radio emission. We also envision
the possibility of connecting our method to interfer-
ometric techniques.
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Appendix A. Derivation of the arrival time

To find the emission time we start from the equation giving the mass overburden as a function of height
above sea level [20],

T (h) = ai + bi exp

(
− h

ci

)
. (A.1)

Here the subscript i refers to the multiple layers that used to describe the entire atmosphere. In CORSIKA
there are 4 layers, and a 5th one which describes the top end of the atmosphere with a linear decrease instead
of an exponential. The units of ai and bi are g/cm2, where as ci has units of cm.

Now we want to find the distance along the shower axis from the core to some slant depth Xslice. Assuming
a flat Earth geometry, which is a valid approximation if the zenith angle of the shower is smaller then ∼ 60◦,
the corresponding vertical mass overburden is

T = Xslice · cos(θ) .

If we substitute this in the left hand side of Equation (A.1) and solve for h, we find that

h = −ci exp
(
Xslice · cos(θ)

bi

)
.

Finally we convert this to distance along the shower axis by using Pythagoras theorem,

d · cos(θ) = −ci exp
(
Xslice · cos(θ)

bi

)
. (A.2)

The integration of the refractivity is a bit more involved. For this we begin with the Gladstone-Dale
model, which relates the change in refractivity N to a change in density ρ,

N(h)

ρ(h)
=

Nsea

ρsea
. (A.3)

We can then use the fact that the density is the derivative of the mass overburden as given in Equation A.1,
since the mass overburden is the integrated density up to some height,

ρ(h) = −bi
ci

exp

(
− h

ci

)
. (A.4)

If we use this in Equation (A.3) and integrate this expression from some height hant to another height hslice,
we find that

Neff =

∫ hslice

hant

N(h′) dh′ =
Nsea

ρsea
· bi

[
exp

(
−hant

ci

)
− exp

(
−hslice

ci

)]
.

For a flat geometry, we can simply use the vertical coordinate for hant and hslice. But this integration is also
valid for curved geometries, as long as we calculate the height h correctly. Here we recognise the difference
between the mass overburden at the two heights, which gives us the relation mentioned in the main text:

neff = 1 +Neff = 1 +
Nsea

ρsea
· [T (hant)− T (hslice)] . (A.5)
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Appendix B. More benchmarking plots

(a) Geomagnetic component (b) Charge-excess component

Figure B.14: The Sfluence metric from Equation (8). These results are consistent with the peak ratio results, accounting for
the factor 2 that comes from the fluence calculation. Some antennas, notably those furthest from the shower axis in CE case,
do not follow this pattern though. This probably hints at some remaining deviations in the pulse shape.
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(a) GEO (b) CE

Figure B.15: The SHilbert metric from Equation (10). The sampling rate in all simulations was 0.2 ns , which is the unit on
the y-axis. We can see that mean differences between the maxima of the Hilbert envelopes are always within one time sample.
For weak signals the Hilbert envelope is not well-defined, which leads to some curves having very erratic behaviour.
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