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The well-known Zas-Halzen-Stanev (ZHS) Monte Carlo program, used to calculate coherent radio-
pulses in dense media, has been extended to account for the deflections caused by the presence
of a uniform magnetic field. This new development of the program can be used to simulate
electromagnetic showers in constant density air. We compare results obtained to those of the
ZHAireS program in the same conditions, and we explore the behavior of the frequency spectrum
of pulses in air showers in a fairly generic way. By considering the effects in the generated pulses
of different refractive indexes, densities and magnetic field intensities, it is possible to disentangle
them and explain the main scaling properties of these showers, which are completely different
from those in a dense medium such as ice. Finally the pulses obtained with ZHS for air at constant
density are compared to those obtained with ZHAireS in a realistic atmosphere to demonstrate the
validity and reach of the conclusions obtained.
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1. Introduction

The study of coherent radio pulses emitted from air showers is a topic of increasing interest
and activity. Although pulses from Ultra High Energy Cosmic Ray (UHECR) showers were studied
in the 1960s [1] they were practically abandoned in the mid 1970s. The potential of the radio
technique for neutrino detection in ice and the first code to simulate coherent radio pulses [2]
revived the radio technique in the 1990s and lead to experimental initiatives such as ANITA [3].
The serendipitous discovery of GHz pulses from UHECR air showers with ANITA [4] together with
other experiments [5] revived the radio technique for air showers in the 2000’s. The first realistic
simulations of coherent pulses in air were made in 2012 applying the technique developed for ice [2]
to standard air shower simulation programs to obtain ZHAireS [6] and CoREAS [7], the current
simulation standards using very similar algorithms [2, 8]. Progress has led to multiple initiatives
for radio experiments in air to study UHECR showers and to search for UHE neutrinos.

The original ZHS, designed for ice, deals with electromagnetic interactions in homogeneous
media neglecting magnetic effects. For this reason, it has not played a relevant role for studying
showers in air except for testing purposes and to get coherent transition (TR) as a shower transits
from ice to air [9]. The TR extension was used to disprove this type of showers could explain the
“anomalous" events [10] detected with ANITA [11]. In this article we present a newly developed
version of ZHS including the Lorentz force. This program allows simulation of pulses in air of
constant density. Although it cannot reproduce realistic pulses in the atmosphere it can be used to
calculate TR for UHECR showers in air that intercept the ice surface [12], an alternative explanation
to the anomalous ANITA events [13], and to test the magnetic emission mechanism in the lab. It
also allows the study of the effects of changing air density and magnetic field intensity in the radio
pulse calculation and their relation to the shower properties.

2. Including the Lorentz force in the ZHS code

Particle tracks in ZHS simulations are defined between interactions (finer subdivisions are made
when necessary). They are propagated in space including continuous energy loss and multiple elastic
scattering and care is taken to account for the corresponding time delays. The ZHS code relies on
an algorithm to calculate radio pulses1 from each track. The charged particle trajectories in the
track are assumed to be rectilinear and uniform for the radio calculation so that a simple expression
can be used for each track contribution to the radio pulse. Details of the code and its different
extensions can be found in [2, 14].

The magnetic field is included in ZHS considering that each charged particle track rotates
in a plane perpendicular to its original direction. The rotation angle is calculated analytically
assuming constant energy loss per unit length and the particle trajectory is approximated by an
arc of a circle giving the right particle rotation from which time delays and particle displacements
consistent with energy loss are obtained [15]. The shower code has been tested comparing the
longitudinal and the lateral distributions of particles for different values of 𝐵 to those obtained with
ZHAireS (assuming a constant density medium). The agreement between them for the longitudinal
development (allowing for a 20 g cm−2 shift in depth to match shower maxima) is better than 4%.

1also addressed as the ZHS algorithm
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For the lateral distribution it ranges from 7% with 𝐵 = 0 to 14% with 𝐵 = 5𝐺. The two programs
also give compatible pulses at the level of ∼ 5%.

3. Radio pulses in extensive air showers

The new version of the ZHS program is used to compare pulses for air of different densities,
refractive indices and magnetic fields. Two mechanisms are known to contribute to radio pulses in
air showers, the excess charge (Askaryan effect) and the transverse currents induced by the Earth’s
magnetic field, 𝐵, (geomagnetic effect). The latter dominates for pulses in the atmosphere which
are expected to scale with the component of 𝐵 perpendicular to the shower axis (𝐵⊥). Both the
shower dimensions (governing the coherence) and the refractive index (that fixes the Cherenkov
angle and plays a role in the pulse amplitude) depend on air density. The density changes as the
shower develops and its value at shower maximum where most of the emission can be expected to
come from, depends on zenith angle. There is evidence that the pulses are affected by air density
and that the linear dependence on the magnetic field strength can be broken, but no comprehensive
discussion of these effects is known[16–18]. Most of the simulations made are limited to the
conditions of given experimental facilities and it is difficult to identify these effects because they
are taking place simultaneously as the shower direction changes.

Pulses from showers are studied with the new program as each of these variables is indepen-
dently changed. It is possible to separate the two main mechanisms because they have different
polarization patterns. We consider for simplicity a shower that develops in the positive 𝑧 axis with
the magnetic field pointing in the positive 𝑥 direction, so that the main transverse current is aligned
with the positive 𝑦 axis. We study the emission in the Cherenkov direction and in the Fraunhofer
limit to maximize coherence. The observer is located in the 𝑥𝑧 plane. The geomagnetic component
lies precisely along the 𝑦 direction, while the Askaryan effect component lies in the 𝑥𝑧 plane,
practically parallel to the 𝑥 axis. We refer to this polarization as the 𝑥 polarization. This geometry
is convenient as it allows separation of the Askaryan and geomagnetic contributions by respectively
considering the two orthogonal polarizations 𝐸 �̃� and 𝐸𝑦 .

Magnetic Field Intensity. We start by changing the magnetic field strength between 𝐵 = 0.25
and 𝐵 = 8 G. We take a reference value of 𝐵0 = 0.5 G (typical for the Earth) and each case has
𝐵 = 𝑓𝐵𝐵0 with 𝑓𝐵 = 0.5, 1, 2, 4, 8 and 16. In addition we consider the value of 𝐵 = 0.094 G at
which the Askaryan and geomagnetic effects are approximately equal in magnitude. Air density, 𝜌,
is kept constant at a reference value of 𝜌0 = 1.2 10−3 g cm−3 (at sea level) and the refractive index
is assumed to be 𝑛 = 1.0003. The electric field amplitudes 𝐸𝑦 are compared in the left panel of
Fig. 1. In the right panel the amplitude is divided by 𝑓𝐵 to test the expected scaling as the Lorentz
force is proportional to 𝐵⊥. The scaling is very accurate for 𝐵 up to 0.25 G, small deviations
(∼ 2%) can be seen for 𝐵 = 0.5 G which become larger as 𝐵 grows indicating that other effects
are taking place. By looking at the time delay distributions it has been checked that fewer particles
contribute coherently at a given shower depth as the magnetic field increases. Particles have shorter
curvature radii and therefore they are more delayed relative to a front moving at the speed of light.
The 𝐸 �̃� component does not change with 𝐵 up to 𝐵 = 0.25 G, but it gets progressively reduced for
increasing 𝐵 because of the same reason.
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Figure 1: Average spectral amplitude of the 𝐸𝑦 component of the radio pulse (geomagnetic effect) for 50
electron showers of 100 TeV moving in the 𝑧 direction in air at sea level density for different magnetic fields
𝐵 as labeled. The observer lies in the 𝑥𝑧 plane in the Fraunhofer limit and 𝐵 points in the 𝑥 direction. In the
right panel the same amplitude has been divided by the scaling factor 𝑓𝐵 = 𝐵/𝐵0 with 𝐵0 = 0.5 G to display
the scaling behavior and the deviations that appear when 𝐵 > 0.25 G.

Density. The effect of density is studied in an analogous way comparing pulses with 𝜌 = 𝜌0/ 𝑓𝜌
with 𝑓𝜌 = 1, 2, 4, 8, 16. First we artificially keep the refractive index constant at the reference sea
level value of 1.0003 and the magnetic field is set to 𝐵 = 0.5 G. The results are shown in Fig. 2
for both the Askaryan and geomagnetic components. The plots on the left show the electric field
amplitude. On the right the frequency is multiplied by 𝑓𝜌 and the amplitude is divided by 𝑓𝜌 in
the geomagnetic case (𝐸𝑦) to fully visualize the scaling properties. As the density is reduced by a
given factor 𝑓𝜌 all the tracks can be expected to increase in length because interactions depend on
matter depth. As a result all shower dimensions in length and width and the corresponding time
delays increase in proportion to 𝑓𝜌. Interference between particle tracks are responsible for the
spectral features seen. A feature observed at frequency 𝜈 for the reference density 𝜌0 appears at a
shifted frequency 𝜈/ 𝑓𝜌 when the density drops to 𝜌0/ 𝑓𝜌. Indeed when the amplitudes are plotted
as a function of frequency multiplied by 𝑓𝜌 the curves have the same dependence on the "x-axis"
of the plot. The phase factor (given by frequency multiplied by the time delay) remains constant
under this transformation. We also multiply the amplitude of the 𝐸𝑦 component by 𝑓𝜌 so that the
behavior of the amplitudes as the density changes is very similar in the Askaryan and geomagnetic
cases.

As the radio pulse is known to scale with tracklength [2] one can expect that the amplitude
increases by the factor 𝑓𝜌 due to the increased shower dimensions. This is indeed observed at low
frequencies for the Askaryan component, 𝐸 �̃� on the top left plot. The curves for density 𝜌0 and
𝜌0/2 indeed increase by a factor of two at the same frequency. On the top right plot they lie on
top of each other because the curve for 𝜌0/2 is shifted to the right (the frequency is multiplied
by 𝑓𝜌 = 2). The bottom right plot shows that the geomagnetic component increases by an extra
factor of 2 for the same case; the amplitude must be reduced by 𝑓𝜌 to display the same behavior
as the Askaryan component. This can be understood because magnetic deflections are independent
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Figure 2: Average spectral amplitudes of radio pulses emitted in the Cherenkov direction of 50 showers
in air at different densities as labeled. The refractive index 𝑛 = 1.0003 is fixed and 𝐵 = 0.5 G points in
the 𝑥 direction. The set-up geometry and the showers are otherwise as described in Fig. 1. The Askaryan
(geomagnetic) component, 𝐸 �̃� (𝐸𝑦), is shown on the top (bottom). The raw spectra are plotted on the left
while the same curves are shown on the right allowing for changes of the scales in both axes with the factor
𝑓𝜌 as labeled (see text).

of density so that they remain the same when the density decreases and the shower dimensions
increase accordingly. In other words, the curvature in the 𝐵 field and the transverse currents
become relatively more important compared to the shower dimensions as the density decreases.
Once the scaling is accounted in this way for both components we see that for low values of 𝑓𝜌

(high densities) the scaling is very good but it gets broken as the density drops by more than a
factor of two. As the density decreases the time delays due to curvature are responsible for reducing
the number of particles interfering coherently and deviations from the observed scaling become
progressively more important, a feature that is common for both components.

The effect is not that different from that observed for changes of the magnetic field. Indeed, once
these scalings have been accounted for, it is particularly revealing to note that the effect of increasing
the magnetic field by a given factor is equivalent to reducing the density by the same factor. This is
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shown explicitly in Fig. 3 for both the geomagnetic and Askaryan components. While increasing
the magnetic field has the effect of reducing the curvature of the particles keeping the shower
dimensions constant, decreasing the density keeps the curvature of the particles constant increasing
the shower dimensions. If scaling factors are applied to eliminate the effect of changing the shower
dimensions, the interference patterns will be controlled by the size of the curved trajectories relative
to the shower dimensions. Similar effects can be achieved either reducing the curvature radii by
increasing the B field, or increasing the shower dimensions by decreasing the air density.

Figure 3: Average of the spectral amplitudes of the radio pulses of 50 showers initiated by a 100 TeV
electron developing in air at different densities (with constant refractive index) and with different magnetic
fields using the described scaling factors. The set-up geometry and the showers are otherwise as described
in Fig. 1. The 𝐸 �̃� components are plotted on the left and the 𝐸𝑦 components on the right. The frequency is
multiplied by 𝑓𝜌 to account for the change of scale of the showers.

In a realistic case the refractive index is coupled to density changes and its variation must be
also taken into consideration. The Askaryan component is due to the longitudinal current carried
by the excess charge of the shower front. The contribution is proportional to the projection of
this current in a plane perpendicular to the observing direction assumed to make an angle 𝜃 to the
shower direction. Observation at the Cherenkov angle, 𝜃𝐶 , implies that there is a projection factor
given by sin 𝜃𝐶 . The refractivity, 𝑛 − 1, is typically assumed to be proportional to the air density
𝜌 and it follows that sin 𝜃𝐶 is proportional to √

𝜌. As a result, when the density is reduced the
amplitude of the Askaryan contribution decreases in proportion to √

𝜌. The geomagnetic effect is
practically independent because the transverse current is perpendicular to the shower direction and
the projection factor, cos 𝜃𝐶 , is approximately 1 and hardly changes. Interference of the shower
front particles is also proportional to sin 𝜃𝐶 so that as the density is reduced it becomes less
important and the high frequencies components of the electric field are enhanced. When density
and refractive index are changed consistently the result is a superposition of the two effects. The
net effect is shown on the left plot of Fig. 4 displaying the scaled version of the amplitude plot
for the geomagnetic (𝐸𝑦) component of the pulses. Further details can be explored in [15]. The
results obtained for air at constant density can be of relevance also for a shower developing in the
atmosphere. We have compared the results of a shower simulated with ZHAireS injected in the
atmosphere at 14.5 km altitude with zenith angle 85◦, to a shower simulated with ZHS in air at a
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Figure 4: Left: Spectral pulse amplitude (𝐸𝑦 component) for consistent variations of 𝜌 and 𝑛. The frequency
and amplitudes are scaled with 𝑓𝜌 as labeled. Right: Spectral pulse amplitudes (multiplied by distance to the
observer) for two simulations of 100 TeV electron showers with ZHS in 𝜌 = 0.3 mg cm−3 air compared to two
with ZHAireS injected in the atmosphere at 14.5 km altitude at zenith angle 85◦. In ZHAireS the observer
is located at a position on the ground that approximately corresponds to the Cherenkov angle. The set-up
geometry of the observer the shower and the magnetic field are kept otherwise as described in Fig. 1 in all
cases. ZHAireS amplitudes have been multiplied by the distance to shower maximum and ZHS amplitudes
have been divided by 1.15. Both 𝐵 = 0.25 G and 0.5 G are considered, Amplitudes for 𝐵 = 0.25 G are
divided by 𝑓𝐵 = 0.5 to visualize deviations from linear scaling (see text).

constant density of 0.0003 gcm−2, chosen to match the density of the atmosphere at the position
of shower maximum for the ZHAireS simulation. For this zenith angle an observer located on
the surface of the Earth is quite far away from the shower maximum approaching the Fraunhofer
condition assumed in ZHS. The showers are started by 100 TeV electrons and the reference magnetic
field intensity 𝐵0 = 0.5 G is compared to 𝐵 = 𝐵0 𝑓𝐵 = 0.25 G for 𝑓𝐵 = 0.5 (possible values of 𝐵⊥
at many locations), consistent with the geomagnetic field at the Earth’s surface. The simulation
geometry is otherwise kept consistent with that discussed above. The results are shown in the
right plot on Fig. 4 that displays the spectrum of 𝐸𝑦 times the distance to shower maximum. It
can be seen that the 𝐸𝑦 spectra for both simulations agree in shape up to about 700 MHz, (above
typical bandwidths in experimental setups). The different density profile used in ZHAireS could be
responsible for deviations above 700 MHz. At low frequencies the amplitudes of the ZHS are only
15% higher than those of ZHS. In the comparison plot the ZHS amplitudes are divided by 1.15
to match the low frequency results of the two programs. In addition, the amplitudes in the plots
for 𝐵 = 0.25 in both simulations have been divided by 𝑓𝐵 = 0.5 to correct for the assumed linear
scaling with 𝐵. We appreciate that the scaling is not perfect and the pulses with 𝐵 = 0.5 G are 22%
below. What is most remarkable is that the same scaling violation is observed in both programs.

4. Conclusions

We have included magnetic deviations in the ZHS code, testing it against ZHAireS. The new
program gives realistic simulations of coherent radio pulses in constant density air. We have studied
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the effects of changing the magnetic field intensity and the air density and investigated the changes
produced in the frequency spectrum of the pulses. By applying scaling laws to the frequency and
the amplitude it has been shown that the behavior of the pulses is rather similar in all cases. The
applied scaling laws are interpreted in terms of changes of the shower dimensions and particle
delays including those associated to magnetic deflections. Simulations made with ZHAireS in the
atmosphere indicate that the ZHS pulses studied in constant density display realistic features. These
simulations show that deviations from the scaling behavior can be relevant for showers developing
in low enough densities such as very inclined UHECR or stratospheric showers.
Acknowledgments: This work is funded by Xunta de Galicia (CIGUS Network of Research Centers & Consolidación

ED431C-2021/22 and ED431F-2022/15); MCIN/AEI PID2019-105544GB-I00 - Spain; European Union ERDF.
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