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Radio-wave measurements of extensive air showers provide precise determinations of arrival di-
rection, primary energy and the depth of shower maximum, Xy,x. In this work we investigate a
novel method that maps the time dependence of the measured electric field into longitudinal pro-
files expressed as functions of atmospheric depth. Using the air shower geometry and radio-wave
propagation, each time sample recorded by an observer is associated with a position along the
shower axis. The Field-Mapping method was evaluated using detailed ZHAireS simulations of
1 EeV inclined air showers. The resulting profiles exhibit sensitivity to longitudinal shower de-

velopment and suggest that radio-wave observations contain information beyond the conventional
observable Xiax.
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1. Introduction

The detection of air showers through the measurement of their radio-wave emission has become a
mature and powerful technique for studying the extensive particle cascades initiated by ultra-high-
energy cosmic rays. This emission is generated by the geomagnetic deflection of charged particles
and the Askaryan effect [1, 2]. Since both mechanisms are directly related to the evolution of the
electromagnetic component of the shower cascade, radio-frequency signals are expected to retain
detailed information about the longitudinal development of the air shower [3].

Experiments such as AERA [4] and LOFAR [5] demonstrated that radio-wave measurements can
reconstruct the arrival direction and primary energy with high precision [3, 6, 7]. Measurements
with dense radio-antenna arrays, such as LOFAR, have demonstrated that the radio footprint is
sensitive to the position of the shower maximum, allowing a precise reconstruction of Xp,x [5, 6, 8].
More recently, radio-interferometric techniques have shown that the coherent properties of the
measured radio-frequency signals can be exploited to reconstruct both the shower geometry and
the depth of shower maximum with high accuracy [9]. Both methods require a large number of
observers with quality measurements to achieve optimal performance, sometimes a challenge in
noisy environments.

These results indicate that radio-wave measurements could contain more information on shower
development than what is captured by Xp.x. In principle, a single observer has the entire cascade
development encoded in its measured radio-frequency signal [3]. This could be exploited if we are
able to partially unfold the time and propagation effects of a radio-frequency pulse.

In this work, we present the Field Mapping method, in which we use the shower geometry and
propagation times to map the recorded radio-wave emission onto the atmospheric depth. This
method uniquely uses the complete recorded electric field time-trace of each observer, which,
combined with the observer location with respect to the shower-axis, allows us to investigate the
longitudinal development of an air shower. In this manner, we achieve good reconstruction precision
even with few observers.

2. Field Mapping Concept
The Field Mapping method relies on five core assumptions:
1. Radio-wave emission depends on shower development;
2. Radio-wave emission is concentrated on the shower axis;
3. The emitted radio-waves propagate along straight trajectories.
4. The recorded electric field preserves information on the emitted field;

5. The air shower geometry is known;

Given these assumptions, the first step is to calculate the propagation time that radiation emitted at
points along the shower axis takes to reach an observer on the ground. From the shower geometry,
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Air shower axis

Figure 1: Geometry used in the Field Mapping method. An emission point P is located along the shower
axis, at a distance L of the shower core. Radiation propagates over a distance D to an observer located at
R. The relative delay between shower propagation and radio-wave propagation establishes a correspondence
between observer time and atmospheric depth.

we determine the axis position and create evenly spaced slices in slant depth. For an emission point
P and an observer position R, see Figure 1, the radio-wave propagation time is given by:

TPR:/ ") (1)
D

c

where n(z) denotes the atmospheric refractive index. The time it takes the cascade to travel from P

to the core position is given by:
L

(B)c’

The quantity Tpr,, = Tpr — Tpcore defines a mapping between the observer and emission times.

2

Tpcore =

Setting Tpr,,, = 0 when the cascade particles reach the shower core allows us to map the time at

the observer onto the shower axis. We calculate Tpg_, (X) for all points along the shower axis,

abs

combining them into Tg_, (X), the propagation time from each depth to R. In Figure 2, we show

abs
an example of a calculated curve g, (X) for an observer far from the core.

The superposition of the radiation emitted at different points along the axis results in the electric
field measured at the observer R. To partially unfold this combination, we first take the magnitude

of this electric field, calculated as:

E(1) = \JEx(t)? + Ey(1)2 + Eo(1)%

and combine it with the previously obtained time per depth relation. The recorded waveform E ()
is subsequently transformed into a cumulative longitudinal profile by assigning to each depth slice
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Figure 2: Left, top: The Tr,ps(X) for an observer positioned far away from the axis. Left, bottom: The
simulated magnitude of the electric field time trace at the same observer. Right: Example of a field-mapping
profile obtained from a reconstructed electric-field trace. The measured waveform is converted from the time
domain to atmospheric depth, producing a profile sensitive to the longitudinal evolution of the air shower.

all electric field samples that could have originated there, i.e.,
E(t = Traps (X)) = E(X).! 3)

To account for the attenuation due to propagation, each contribution is scaled according to the
observer distance, Eqor(X) = D(X) X E(X). An example of a field mapping profile is shown in
Figure 2, also for an observer far from the core.

3. Simulation study

To evaluate the method, a dedicated simulation campaign was performed using the ZHAireS
framework [10]. In these simulations, we set 1 EeV as the energy for the primary cosmic ray. The
incoming zenith angle is 80° for all events, and the azimuth angles range from 0° to 360°, spaced
every 15°. Asprimary particles, we used protons, iron nuclei, and protons with the first interaction at
the same depth as the iron nuclei, with 240 simulated events per primary type. Hadronic interactions
were modeled using SIBYLL 2.3d [11]. The observers were positioned in a star-shape layout in
ground coordinates, see Figure 3.

To obtain reliable profile reconstructions, we require the duration of the recorded pulse to be large
enough to be sampled several times. Therefore, we look at the slant depth range in which the main
part of the shower development takes place, between 200 g/cm? and 1000 g/cm? and we require
that the time interval between Tg_, (X = 200 g/cm?) and Tg_, (X = 1000 g/cm?) be larger than
7ns. In addition, the signal amplitude must be large enough to be observable in a more realistic
environment. We used a rather low value of the simulated peak field of 5uV/m to be able to

'Note that, due to relativistic effects, more than one electric field time sample can be assigned to the same depth slice.
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Figure 3: In blue, observers satisfying the quality-selection criteria for a 1 EeV proton shower arriving at a
zenith angle of 80° and an azimuth angle of 345°. In grey, observers affected by strong time compression
near the Cherenkov region or with insufficient signal amplitudes, which are removed from the analysis.

evaluate the use of this method also in low-noise environments. The criteria are summarized in the
following table:

Criterion Threshold Motivation
Calculated time spread [200 g/cm?,1000 g/cm?] > 7 ns Avoid time-compressed signals
Simulated Peak field > 5 uV/m Maintain adequate signal strength

Observers which fail these criteria are excluded from the analysis. In Figure 3, we indicate, for an
event with an azimuth angle of 345°, which observers have data that meet the criteria. The expected
radio-wave recorded by observers within the Cherenkov ring region [13] is too compressed in time,
thus not being useful for the Field Mapping method.

4. Results

As shown in Figure 2, when we apply the Field Mapping method, we obtain a slant depth dependent
profile for each observer. We investigate whether the position of the maximum of this profile,
FMp.x, is related to the depth at which the cascade contains the maximum number of particles,
Xmax- In addition, we also inspect whether the full-width-half maximum of the profile, FMpwmm, is
correlated with the width of the longitudinal charged particle distribution of the air shower cascade.
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Figure 4: Left: Full width at half maximum, FMgwnm, of the reconstructed field mapping profiles as a
function of the fitted L parameter of the particle longitudinal profiles. The color scale corresponds to the
observer distance to the shower axis on the ground plane. Right: Maximum amplitude, FMp,y, of the
reconstructed field mapping profiles as a function of of Xy.x. The color scale is the same as the previous
panel. In both panels, each marker corresponds to a single observer. The line-like structures occur because
an event is characterized by one value of L and of X,.x, while having multiple usable observers.

The latter is characterized by the parameter L of the LR-Gaisser-Hillas formulation [12]:
“)

(X - Xmax) )R2 ( (X - Xmax))
_— expl—m———1| -

Ngg(X)=|1+R
GH()("‘ 7 IR

For each event, we fit a Gaisser-Hillas distribution to the particle profile and obtain the corresponding
values for L and Xp,x. For each valid observer of this event, we characterize its field mapping
profile by FM.x and FMgwam. In Figure 4, we show the obtained values of FMpwgm and FMyax
vs. L and Xpax, respectively, for all proton events.

We observe two separate bands on the spread of FMy.x vs. Xmax. The analysis indicates that
this distinct behavior is due to propagation and relativistic effects. If the Cherenkov cone delimits
a region in which most of the emission arrives in one or two time bins, the observers closer to
the core compared to the Cherenkov region (inside) detect the later parts of the shower before the
earlier ones. Meanwhile, the opposite effect occurs for observers that are further from the core
(outside). This separation is illustrated in Figure 3. Therefore, using the calculated Tg_, (X), we
can compare the arrival times of emissions coming from the depths of 200 g/cm? and 1000 g/cm?
and identify observers for which time-inversion occurs. In this manner, we can precisely separate
the two observed bands.

The observed correlation can be used to create calibration curves that relate the obtained FM,.x
to Xmax- In Figure 5, we show the average FM,x of each event, separated in the two bands. For
each band, we performed a linear fit to asses the correlation of this feature with X,,x. The Figure
shows that the dependence of X,x on the primary particle type is present in the measurement in
each band of FM,,.x. Although the curves can be obtained with good precision, the uncertainty on
the measurement of an individual observer is given by the spread of the bands shown in Figure 4.
Knowing the geometry of the event, either the inside or outside band can be used to interpret the
data of an individual observer.
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Figure 5: The observer-averaged FM,,x as a function of X, for all simulated events. The linear fit was
performed over all primaries. Each calibration curve was obtained either from observers closer to the core
(inside) or further away from the core (outside) than the Cherenkov region.

5. Discussion

The reconstructed Field Mapping profiles demonstrate that radio-wave signals of individual ob-
servers indeed contain information on shower development beyond the position of shower maximum.
Although the present implementation adopts simplified assumptions, including straight-line propa-
gation and emission concentrated only along the shower axis, the results indicate that a substantial
fraction of the longitudinal evolution of the shower may already be recoverable from radio-wave
observations originating from few observers.

Future work will focus on quantifying the relationship between the Field Mapping observables
and the true particle longitudinal profile, as well as studying the dependence on zenith angle,
hadronic interaction models, and radio frequency range. Ultimately, the method may provide
a complementary radio-based technique for studying shower development alongside established
approaches based on radio-footprint reconstruction and interferometric analyses.

6. Conclusions

A new Field Mapping approach has been developed to investigate longitudinal air-shower de-
velopment using observations of radio-waves. The method transforms electric-field traces into
atmospheric-depth profiles through a geometrical mapping procedure. The Field Mapping method
is validated through simulation studies using different types of primary cosmic particles arriving on
Earth at a zenith angle of 80°. These studies indicate that the resulting profiles contain information
on shower development that goes beyond the conventional observable X,.x. Further studies using
different zenith angles, hadronic interaction models, and primaries will show if the Field Mapping
method provides a new avenue for reconstructing longitudinal shower evolution with high duty
cycle and broad applicability.
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