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We use CoREAS simulations to study the ratio of geomagnetic and Askaryan radio emission from cosmic-
ray air showers at the location of the south pole. The fraction of Askaryan emission relative to the total
emission is determined by the polarization of the radio signal at the time of its peak amplitude. We find that
the relative Askaryan fraction has a radial dependence increasing with the distance from the shower axis—
with a plateau around the Cherenkov ring. We further find that the Askaryan fraction depends on shower
parameters like the zenith angle and the distance to the shower maximum. While these dependencies are in
agreement with earlier studies, they have not yet been utilized to determine the depth of the shower
maximum, Xmax, based on the Askaryan fraction. Fitting these dependencies with a polynomial model, we
arrive at an alternative method to reconstruct Xmax using a measurement of the Askaryan fraction and
shower geometry as input. Depending on the measurement uncertainties of the Askaryan fraction, this
method provides a measurement of Xmax with a resolution similar to other methods of reconstructing Xmax

from radio observables. Although existing template methods give superior resolution, they are more
computationally intensive. Consequently, the use of polarization to extract the Askaryan fraction of the
radio signal should be considered as an additional input observable in future generations of template-fitting
reconstruction and other multivariate approaches for measuring Xmax.
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I. INTRODUCTION

Ultra-high-energy cosmic rays cannot be detected directly
by detectors aboard high-altitude balloons and satellites due
to their flux being much lower than 1 m−2 yr−1. Instead, the
air showers that they generate, after interacting with the
Earth’s atmosphere, are large enough to be observed by
ground-based detectors. One type of detector for air showers
with energies ≳1016 eV is an antenna array, detecting the
radio emission of air showers [1,2]. The radio emission is
generally coherent and forward beamed. The main emission
mechanisms in air are:

(i) Geomagnetic emission The electrons and positrons
present in the electromagnetic component of the air
shower are deflected due to the Lorentz force of the
Earth’s magnetic field inducing a transverse current

perpendicular to the shower axis. The time variation
of the current leads to electromagnetic radiation,
which is linearly polarized in the v⃗ × B⃗ direction,
except for very inclined showers with a shower
maximum at high altitude where the geomagnetic
emission pattern is more complex [3] (the transition
starts at ≳8 km above sea level for our case, which
can be the case for showers at zenith angles θ > 60°,
i.e., at the edge of the parameter space investi-
gated here).

(ii) Askaryan emission Compton scattering adds elec-
trons to the shower front during shower develop-
ment. Meanwhile, heavier positive ions lag behind
and positrons annihilate. Therefore, a time-varying
negative charge excess builds up in the shower front,
which is responsible for radially polarized radio
emission called Askaryan or charge excess emis-
sion. This emission is typically weaker than geo-
magnetic emission, except for the showers nearly
parallel to the Earth’s magnetic field.

There are still open questions about the sources of these
ultra-high-energy cosmic rays and the processes respon-
sible for accelerating them to ultra-high energies [4,5].
Understanding the evolution of the mass composition of
cosmic rays as a function of energy is crucial for a full
understanding of the acceleration mechanisms and pos-
sible sources. The value of Xmax, the slant depth into the
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atmosphere where the number of electromagnetic particles
of the air shower is the largest (shower maximum), is
dependent on mass as it is related to the cross section of the
primary particle’s interactions with nucleons in air particles
and to the energy per nucleon of the primary particle. As the
emission in the radio band near Xmax is maximal [6], the
properties of the radio signal as seen on the ground have
dependence on Xmax. Various parameters of the radio signal
have already been shown to contain information on Xmax,
such as the shape of the lateral distribution of the radio
amplitude [7–9], the wave front [10,11], or the slope of the
frequency spectrum [12]. As we show in this paper, the
fraction of the Askaryan emission relative to the geo-
magnetic one, which is accessible from the polarization of
the radio signal, is another parameter sensitive to Xmax.
Complementing earlier studies on the Askaryan fraction
had a different focus [13–15]. Among other dependencies
they had shown a dependence of the radio emissions on the
air density at the shower maximum [6] but have not further
investigated the dependence on Xmax, i.e., the atmospheric
depth of the shower maximum. Our simulation study
explicitly shows the dependence on the highly relevant
observable Xmax and investigates whether the Askaryan
fraction can serve as a tool to potentially measure Xmax with
polarization-sensitive radio arrays.
In this paper, we perform a CoREAS simulation study of

air showers at the south pole to describe the relative
emission at higher frequencies than previously studied
(≤ 80 MHz). This is motivated by the upcoming enhance-
ment of the existing IceTop array, the surface component of
the IceCube Neutrino Observatory [16,17]. The enhance-
ment will include adding scintillators and, more relevant to
this work, antennas which will be used in the 70–350 MHz
band [18]. The addition of radio antennas at IceTop will
allow for a pure measurement of the electromagnetic
content of air showers and in particular the mass-proxy
Xmax. However, the technique described in this paper can be
applied to any radio array that uses the same frequency
band. For any such array, interpreting the expected mea-
surements accurately requires a detailed understanding of
the observed radio signal, which motivated this simulation
study on the various dependencies of the relative strengths
of the Askaryan to the geomagnetic emission.
The dependence of the relative Askaryan fraction of the

radio emission with various air shower parameters like the
zenith angle, Xmax, and the distance to the shower maxi-
mum, dXmax

, is described. Section II describes the simu-
lation of the radio emission from the cosmic-ray air
showers that were used in this analysis. Section III
describes the dependence of the geomagnetic emission
on the geomagnetic angle of the shower, α, and the method
we used for separating individual contribution of the two
radio emission mechanism and calculating the relative
Askaryan fraction. It further describes the parametrization
of the relative Askaryan fraction with dXmax

. Finally, we

discuss the relevance and potential impact of our findings
on Xmax measurements with future radio arrays.

II. SIMULATION OF THE RADIO EMISSION

CORSIKAwith the CoREAS extension was used to simulate
cosmic-ray air showers and the radio emission from the
charged particles in the shower [19,20]. We simulated
1800 proton and iron initiated air showers each, with the
primary energy assigned according to dN=dE ∝ E−1, from
1017.0 eV to 1017.1 eV, with zenith angles distributed
according to an isotropic flux, dN=dθ ∝ cos θ sin θ, with
sin2 θ from 0.0 to 0.9, and with a random azimuth angle.
We used an observation level of 2840 m above sea level,
magnetic field of strength jB⃗j ¼ 54.58 μT inclined at an
angle of 17.87° from the zenith, and the average April south
pole atmospheric profile (atmosphere model 33 in
CORSIKA). FLUKA2011 [21] and SIBYLL2.3D [22] were
used as the high- and the low-energy hadronic interaction
models, and the CORSIKA thinning algorithm (set to 10−6)
was used to speed up the computationally expensive
simulations.
We used a star-shaped layout of sampling locations,

similar to one shown in Fig. 1, as an input to CoREAS, and
simulated the radio emission from the air shower at each of
those locations. The star shape we used has eight spokes
with 20 sampling locations along each spoke totaling 160
such sampling points. The distance between those sampling
locations along the spokes is adaptive and is based on the
location of the Cherenkov ring center. For more inclined
showers, the spacing between the sampling points is higher,
and the star pattern extends to a larger area to be able to
cover the larger radio footprint without increasing the total

FIG. 1. Map of the electric field amplitudes, given by the color,
for a 100 PeV vertical iron shower at ground at the south pole.
The lines represents the polarization planes of the electric fields at
the signal peak. For reference, the IceTop Surface Enhancement
will span over a radius of ∼600 m.
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number of sampling points and hence limiting the required
computational time.
When studying radio emission, we use the coordinate

system as defined in Fig. 2 with one axis aligned along the
v⃗ × B⃗ direction in the shower plane and the other aligned
along the v⃗ × ðv⃗ × B⃗Þ direction. In this coordinate system,
the geomagnetic emission is aligned along the v⃗ × B⃗ axis,
making it easier to separate from the Askaryan emission
using the polarization information. For this reason, we also
ensured that the star pattern included spokes that were
along the v⃗ × B⃗ and v⃗ × ðv⃗ × B⃗Þ directions, as shown
in Fig. 1.
The polarization of the radio emission for each location

was determined from the waveforms. Figure 3 shows
example waveforms at two sampling locations on the
positive and negative v⃗ × ðv⃗ × B⃗Þ axes, respectively, after
filtering them in the frequency band of 70 to 350 MHz. The
Hilbert envelope was used to identify the time of peak
emission, indicated by the vertical gray line. The ampli-
tudes of the electric field vectors along the v⃗ × B⃗ and
v⃗ × ðv⃗ × B⃗Þ axes at that time are taken to define the plane of
polarization. For each sampling location in Fig. 1, the
polarization plane is shown by the black line.
For sampling locations along the v⃗ × ðv⃗ × B⃗Þ axis, the

geomagnetic and Askaryan components (hereafter referred
to as G and A, respectively) are orthogonal to each other as
depicted in Fig. 4. So, for these locations, the component of
the electric field along the v⃗ × B⃗ axis, Ev⃗×B⃗, represents the
geomagnetic emission, and the component along the
v⃗ × ðv⃗ × B⃗Þ axis, Ev⃗×ðv⃗×B⃗Þ, represents the Askaryan emis-
sion (because the Poynting vector defining the wavefront
shape deviates by only about 1° from the shower axis v⃗
[10], theEv⃗ component of the electric field is of the order of
1% of the total field and is neglected in this study). Thus,
polarization measurements along the v⃗ × ðv⃗ × B⃗Þ axis

provide one clear method to determine the relative fraction
of the Askaryan emission.
We note that the method of calculating the polarization at

the maximum of the global Hilbert envelope of the electric

FIG. 2. The shower coordinate system used in this study with
respect to the magnetic coordinate system (image from Ref. [23]).

FIG. 3. Simulated time traces and the respective Hilbert
envelopes for a location along the (a) positive v⃗ × ðv⃗ × B⃗Þ axis
and (b) negative v⃗ × ðv⃗ × B⃗Þ axis. Hilbert magnitude represents
the global Hilbert envelope.

FIG. 4. The figure shows how the polarization of the radio
emission at the Hilbert peak of the signal appears at the radio
sampling locations along the v⃗ × ðv⃗ × B⃗Þ axis.
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field assumes that the geomagnetic and Askaryan emission
peak together in phase. This is another approximation
which neglects the circular polarization component of the
radio emission of air showers [24]. The validity of this
approximation at the location of the Cherenkov ring region,
which is used in our study, is further described in the
Appendix A.
For locations in the shower plane along the v⃗ × B⃗ axis,

the geomagnetic and Askaryan emission components are
aligned either in the same direction, superimposing con-
structively, or in the opposite direction, superimposing
destructively, on the sampling locations along the two
spokes of the v⃗ × B⃗ axis creating an asymmetry in
amplitude of the radio emission as is apparent from the
color in Fig. 1. Consequently, the asymmetry of the lateral
distribution of the radio amplitude along the v⃗ × B⃗ axis
provides another method to determine the Askaryan
emission.
Both methods generally yield consistent results on the

Askaryan fraction (see Appendix B), but the asymmetry
methods comes with the complication that the amplitude to
one side can be zero if the Askaryan and geomagnetic
emission are of equal strength. Therefore, we have decided
to use the polarization method to determine the Askaryan
fraction in this study.
At observation angles larger than the Cherenkov angle,

the radio emission can become incoherent and then usually
is below the detection threshold of contemporary experi-
ments. Hence, for this study, we aim to characterize the
region of the radio footprint on the ground only where there
is coherent emission. We used a signal-to-noise ratio (SNR)
cut of SNR > 104 in the pure CoREAS simulations to
exclude the locations where the waveforms with weak,
noncoherent signals are present, where

SNR ¼
�
Speak
NRMS

�
2

: ð1Þ

Here, Speak is the peak of the Hilbert envelope of the signal
trace, and NRMS is the root mean square of the last 40% of
the waveform. This SNR cut was applied uniformly across
all simulated waveforms in the library, after applying the
bandpass filter.

III. RELATIVE AMPLITUDE OF THE
EMISSION PROCESSES

Of the two processes, the Askaryan emission is expected
to be roughly constant in amplitude for all arrival direc-
tions. However, the dependence of the geomagnetic emis-
sion on the Lorentz force results in a strength that scales
with the sine of the angle with the geomagnetic field, sin α.
In Fig. 5, the peak geomagnetic and Askaryan amplitudes
at the Hilbert maximum of the simulated radio signal at
≃23 m from the shower axis for various iron showers are

plotted against sin α. We find that the geomagnetic emis-
sion is weaker than the Askaryan emission for showers with
α≲ 5°. Also, the expected linear dependence of G on sinα
is seen. Taking into account this first-order dependence
of the geomagnetic amplitude, we define the relative
Askaryan fraction as

arel ≡ sin α

�
A
G

�
: ð2Þ

Thus, arel corresponds to the relative strengths of the
Askaryan emission for showers with maximum geomag-
netic emission. In the rest of this work, we study the
dependence of the quantity arel on various air shower
parameters.

A. Radial dependence of the relative
Askaryan fraction

The value of arel as a function of axial distance along the
v⃗ × ðv⃗ × B⃗Þ axis was studied first. For each of the locations
which passed the SNR cut, we estimated the uncertainty in
arel using the bootstrap method. In each waveform, there is
some level of “noise,” which may be due to physical
properties such as incoherent emission but may also be
artifacts of the simulation, such as from the thinning
algorithms used in CORSIKA. Based on the assumption that
this noise is prevalent throughout the entire waveform after
the radio pulse, we estimate the uncertainty for each
waveform individually. As with the construction of the
SNR values, the rms of the last 40% of the waveforms was
used as metric for the noise level because the radio pulse
simulated by CoREAS is close to the beginning of the trace.
A three-dimensional vector with a random direction and
magnitude equal to the rms was chosen and then added to

FIG. 5. Amplitudes of the Askaryan and the geomagnetic
emission at ≃23 m from the shower axis in the shower plane
for various sin α simulated for the iron showers of ∼100 PeV
primary energy.
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the peak electric field before calculating arel using Eq. (2).
After repeating this process 1000 times and combining the
values for both the positive and negative v⃗ × ðv⃗ × B⃗Þ axis,
the 68% interval of the resulting distribution was used as
the uncertainty estimate for the mean value of arel.
Examples of the values of arel for showers at two zenith

angle ranges are shown in Fig. 6. The color of each shower
represents the distance to Xmax, dXmax

. Even within the very
narrow ranges of zenith angle in each of the two plots, a clear
dependence on dXmax

is observed. For showers which
develop closer to the array, the average values of arel are
larger. There is another feature which is evident at high
zenith angles where, near the shower axis, the Askaryan
fraction is particularly small. This is consistent with radially
polarized emission,whichmust cancel out at the shower axis
and has been seen in other simulation studies [25,26].
Further, the orthogonal distance from the shower axis at
which the values of arel level off also has some dXmax

dependence. However, this dependence means that a meas-
urement of arel can be used as a parameter to estimate Xmax.

B. Value of arel near the Cherenkov ring

The dependence of arel on dXmax
requires additional

investigation. However, the nontrivial dependence with

axial distance makes quantifying the relative Askaryan
fraction impossible with a single value. Instead, we studied
the average value of arel only near the Cherenkov ring. This
is motivated by the fact that the radio emission is most
prominent on the ring and thus this is the most likely place
that an experiment would be able to make precise mea-
surements of the polarization.
The location of the Cherenkov ring was studied sta-

tistically using the simulated air showers. For each simu-
lation, the lateral distribution of electric field strength,
characterized by the peak of the Hilbert envelope, Speak,
was fit to the sum of an exponential and a Cauchy
distribution,

logðSpeakðrÞÞ ¼
a1

1þ ðr−r0Δ Þ2 þ a2e−r=λ: ð3Þ

From each fit, the center and the width of the Cherenkov
ring were taken as r0 andΔ. Because this fit was performed
on the logarithm of the field strength, the radial values
spanned by �Δ represents 80%–90% of the total energy in
the radio band. Figure 7 shows the fit of r0 and Δ as a
function of sec θ, meant to approximately encapsulate the
scaling of the ring size with dXmax

. It is clear that for the
most vertical showers with sec θ ≲ 2, the value of r0 is
comparable to Δ, in which case the Cherenkov ring
overlaps the shower axis. We fit the values of the center
and spread of the ring to second order polynomials,

r0ðθÞ ¼ −3.883 sec2θ þ 145.0 sec θ − 130.3

ΔðθÞ ¼ 0.9777 sec2θ þ 43.88 sec θ þ 81.86: ð4Þ

To avoid characterizing the behavior near the shower axis
where A → 0, we define a window about the Cherenkov
ring to perform the study, given by r0 � Δ=3. The respec-
tive windows are shown in gray for the two zenith angle
bands in Fig. 6.

FIG. 6. The relative Askaryan fraction plotted against the
distance from the shower axis for a mix of proton and iron
primaries of energy between 1017.0 and 1017.1 eV and zenith
angles between (a) 45° and 46° and (b) 60° and 61°.

FIG. 7. Peak location (black circles) and width parameter (red
square) of the Cherenkov ring for showers of various zenith
angles. The fit is represented by corresponding lines to the
scatter plot.
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To quantify the average value of arel for a given shower
near the Cherenkov ring, we calculate the average value,
ārel, in the window, taking into account the uncertainties
estimated using the bootstrap method. In the following
sections, we will characterize the dependence of ārel on the
various shower parameters.

C. Dependence of ārel on air shower parameters

There was already some evidence, such as in Fig. 6, that
the value of the Askaryan fraction ārel cannot be described
by a single air shower parameter, such as dXmax

. To
understand the full picture, the values ārel for all of the
simulated showers are shown in Fig. 8. There is an
approximately linear relationship between dXmax

and 1
ārel
.

However, there is also a nontrivial dependence on zenith
angle, as indicated by the color of the points. A relationship
between zenith angle θ and dXmax

is expected from the
increased slant depth to the top of the atmosphere at higher
angles. However, looking at a narrow window in dXmax

, the
variance has very clear zenith angle dependence where the
largest values of 1

ārel
in that window are for more vertical

showers.
We use an empirical model to fit the dependence of these

three quantities. With the ultimate goal of using measurable
quantities to determine Xmax (or equivalently dXmax

), we
chose an empirical function which is a function of the air
shower observables, 1

ārel
and sec θ,

dXmax
¼
h
1 1

ārel

�
1
ārel

�
2

�
1
ārel

�
3
i
2
6664
a b

c d

e f

g h

3
7775
�

1

secθ

�
: ð5Þ

This equation was fit using the distribution shown in Fig. 8
via a minimized log likelihood. The best-fit values of
a; b; c;… in the matrix above are given in Table I.

D. Attainable resolution of Xmax

Using Eq. (5), we quantify the resolution with which one
can identify Xmax, by σXmax

, the standard deviation of the
simulated Xmax from the Xmax reconstructed from the
model. The three plots in Fig. 9 show the resolution on
Xmax, σXmax

, as a function of 1
ārel
, zenith angle, and Xmax.

Note that the resolution of dXmax
is equivalent to that of

Xmax, assuming that the atmosphere is known. The average
resolution of the fit for exact Monte Carlo values is about
35 g cm−2 across the entire dataset. However, there are
regions of the phase space where the resolution is better
than this, in particular, for high zenith angles where
σXmax

≃ 20 g cm−20.
To estimate the uncertainty that would be achievable by

an air shower array, the true values of 1
ārel

and sec θ for each
event, individually, were smeared 100 times and inserted
into Eq. (5). The resolution of the arrival direction for the
IceTop Surface Enhancement at the relevant energies for
radio detection (≳30 PeV) is expected to be < 1°
[17,27,28], and also other radio arrays have demonstrated
subdegree direction accuracy for air showers [11,29]. To be
conservative, we show the expected resolution assuming a
Gaussian resolution of 1° and 2° (purple and pink dia-
monds). The values of σXmax

are about 5 g cm−2 larger for 1°
but are 15 g cm−2 larger at 2°. This indicates that the use of
this method will depend on a good arrival direction
reconstruction, particularly at high zenith angles.
A corresponding process was performed, assuming a

relative uncertainty on the measurement of GA. The expected
measurement accuracy for the Askaryan fraction of an
individual air shower is not yet known for the IceTop
Surface Enhancement and is not available from previous
experiments. It will likely depend on the core resolution,
the number of antennas contributing to the measurement
and their signal to noise ratio, and the location of those
antennas in the shower plane. For showers featuring high
signal-to-noise ratios, the precision of G

A will be limited by
systematic uncertainties, such as gain variations between
antennas, environmental effects, and other systematic
uncertainties beyond those affecting all antennas in the
same way or the overall absolute scale. Such individual
systematic uncertainties on the radio amplitude are esti-
mated to be of oð5%Þ [30–32]. At lower SNR, noise will
contribute an additional uncertainty.
Hence, we investigated target resolutions of 5% and 10%

in G
A, which, if achieved, would make this method compa-

rable with other techniques for determining Xmax using
radio measurements. The values of σXmax

after smearing G
A

by 5% and 10% as shown in Fig. 9 indicate that Xmax

resolutions of better than 40 g cm−2 are feasible for

FIG. 8. Relationship between the average Askaryan fraction,
1
ārel
, and dXmax

for simulations of a mix of proton and iron primaries

with energy between 1017.0−1017.1 eV and different zenith
angles θ.
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inclined showers, but only if the Askaryan fraction can be
measured with a high accuracy of ≃5%.
Finally, to estimate the effect of both measurement

uncertainties, we show the resolution of σXmax
after smear-

ing G
A by 5% and the zenith angle by 1°. This results in a

resolution of about 40 g cm−2 for most zenith angles up to
about 45° and about 35 g cm−2 for more inclined showers.
As a final validation of the model, we applied

Eq. (5), using the values from Table I, to two other sets
of simulated air showers with energies of 1016.0−1016.1 and
1018.0−1018.1 eV. Aside from the energy, the simulations
settings were the same as those described previously. The
results for the Xmax resolution were on average within
�3 g cm−2 and hence compatible with those shown in
Fig. 9, indicating that the description of the relationship
between dXmax

and arel found in this work does not have
strong energy dependence.

IV. CONCLUSION

The relative Askaryan fraction was investigated using
proton and iron showers simulated by CORSIKA/CoREAS for
the south pole location andmagnetic field. The contributions
from the geomagnetic and Askaryan emission were iden-
tified by looking at the polarization of the electric field along
the v⃗ × B⃗ axis. The quantification of the Askaryan fraction
in dependence of various shower parameters provides
important knowledge for the analysis of measurements with
the future IceTop Surface Enhancement.
The Askaryan fraction was found to be small near the

shower axis, which is expected for radially polarized
emission, and to be at an approximately constant level
around the Cherenkov cone. Hence, we defined a quantity,
ārel, which was used to describe the average value of the
Askaryan fraction for individual showers, based on the
location of the Cherenkov ring. The relationship was
studied as a function of various shower parameters and a
correlation between ārel, dXmax

, and zenith angle was found.
With the goal of finding a description of the Xmax of
individual air showers using measurable quantities, we
developed a parametrization of the dependence of the
distance to shower maximum on ārel and sec θ.
If the true simulated shower parameters and polarization

vectors are known, the model was found to produce an Xmax

resolution of 20−40 g cm−2. After including a conservative
estimate of the angular resolution of 1°, we find that an
angular resolution of 30−55 g cm−2 can be achieved if the
measurement of G=A can be determined to within 5%.

TABLE I. Parameters for the model of dXmax
given by Eq. (5).

The correlation matrix is given in Appendix C.

a −1050� 10
b 220� 10
c 131� 1
d −7.6� 0.1
e −5.54� 0.03
f 1.11� 0.02
g 0.072� 0.001
h −0.0187� 0.0003

FIG. 9. Resolution of Eq. (5), σXmax
, i.e., the spread of the dXmax

values. Blue circles represent the spread without any experimen-
tal uncertainty. Purple and pink diamonds represent a 1° and 2°
measurement uncertainty in the arrival direction. The orange and
yellow squares represent a 5% and 10% measurement uncertainty
of G

A. The green triangle shows the combination of a 1° and 5%
uncertainty.
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In particular, at high zenith angles ≳50°, an Xmax resolution
of about 30 g cm−2 can be achieved for showers with clear
signals not significantly disturbedby noise,whichmakes this
method competitive with other techniques [10,33–35] with
resolution ranging from 20−40 g cm−2. Only computing-
intensive template matching of the radio amplitudes in
individual antennas provides a significantly better resolution
of ∼17–35 g cm−2 [8,9].
We therefore conclude that it is worth investigating

whether using the polarization to derive the Askaryan
fraction can be included as additional observables in such
template-fitting techniques. Several of these other tech-
niques, which include explicit parametrizations of the
lateral distribution of signal, the wave front shape, and
the spectral slope, can be used in conjunction with the
method described here to improve the resolution of Xmax
further. Machine-learning techniques such as neural net-
works may provide a tool to further investigate the Xmax
resolution achievable by such multivariate approaches.

APPENDIX A: EFFECT OF THE PHASE OFFSET
BETWEEN THE ASKARYAN AND THE

GEOMAGNETIC EMISSION

The Geomagnetic and Askaryan emissions may not
necessarily be in phase with each other due to the difference
in how they are produced within an air shower [6,24]. The
phase difference also depends on the location in the shower
footprint where the observation is being made. In Fig. 10,
the time difference in peak of the geomagnetic emission
and Askaryan emission is plotted for various distances from
the shower axis. The Askaryan emission leads close to the
shower axis and lags at radii outside of the Cherenkov ring
(shown in green), with differences on the order of a few
nanoseconds. Within the Cherenkov ring, the two peak
simultaneously. Since the method described in this
paper only uses the polarization for locations within the

Cherenkov ring, the approximation that the peak of the
three-dimensional Hilbert envelope describes the peak of
the two emission mechanisms is valid.
When we compared the plateau value of ārel at a distance

window based on the location of the Cherenkov ring
calculated using the emission components at the common
peak of the signal with the one calculated using the
components at the individual peak of the geomagnetic
and the Askaryan emission, their ratio is very close to 1
with mean ∼1.01 as seen in Fig. 11. We thus conclude that
we can neglect the phase difference between geomagnetic
and Askaryan emission in this study.

APPENDIX B: ALTERNATIVE METHOD
OF CALCULATING THE RELATIVE

ASKARYAN FRACTION

For the sampling locations along the v⃗ × B⃗ axis, as can
be seen in the Fig. 1, the geomagnetic emission and the
Askaryan emission are either aligned along the same
direction superimposing constructively or aligned along
opposite directions superimposing destructively. This gives
rise to an asymmetry of the lateral distribution of the radio
amplitude along the v⃗ × B⃗ axis. To separate the individual
contribution of the geomagnetic and the Askaryan emis-
sion, we can use the strength of the asymmetry between
sampling locations equidistant from the shower axis along
the positive and negative v⃗ × B⃗ axes,

Eþv⃗×B⃗ ¼ Gþ A

E−v⃗×B⃗ ¼ G − A

arel ¼ sin α

���� Eþv⃗×B⃗ − E−v⃗×B⃗
Eþv⃗×B⃗ þ E−v⃗×B⃗

����: ðB1Þ

FIG. 11. Histogram of the ratio of ārel calculated without
assuming concurrent peak with the value calculated assuming
that geomagnetic and Askaryan emission peaks at the same time.
The vertical dotted line and the shade represent the mean and
standard deviation of the ratio.

FIG. 10. The difference between the Hilbert peak time of
the geomagnetic and the Askaryan emission. The location of
window, based on the Cherenkov ring (green), is highlighted
in green.
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Here, Eþv⃗×B⃗ is the maximum of the Hilbert envelope of the

electric field along the v⃗ × B⃗ axis at a certain distance from
the shower axis along the positive v⃗ × B⃗ axis, and E−v⃗×B⃗ is

the corresponding value along the negative v⃗ × B⃗ axis.
The relative phase between the electric fields at the

locations along the positive and negative v⃗ × B⃗ axes
depends on whether the Askaryan or geomagnetic emission
dominates (Fig. 12) and, thus, changes at a geomagnetic
angle of about 5°. To account for this, the peak Hilbert
amplitude E−v⃗×B⃗ is assigned a negative sign in the Eq. (B1)
to calculate arel for cases when the Askaryan emission
dominates.

Generally, the method of asymmetry and the polarization
method for the Askaryan fraction yield consistent results as
shown in Fig. 13. However, the asymmetry method comes
with an intrinsic difficulty. Especially for showers with a
geomagnetic angle close to 5°, i.e., at the transition from
geomagnetic dominance to the Askaryan dominance, it is
difficult to separate the cases shown in Fig. 12. Hence, we
have decided to use the polarization method for the
calculation of the Askaryan fraction, which is applicable
for all geomagnetic angles in the same way.

APPENDIX C: CORRELATION MATRIX

The values of the symmetric correlation matrix corre-
sponding to the fit parameters in Table I is given below:

FIG. 12. Trace of the simulated electric field at two sampling
locations ∼24 m from the shower axis along the positive and
negative v⃗ × B⃗ axes for two simulated air showers: (a) with
geomagnetic angle α ¼ 7.9° (geomagnetic emission dominates)
and (b) with α ¼ 3.9° (Askaryan emission dominates).

FIG. 13. RelativeAskaryan fraction against the distance from the
shower axis using the polarization method along the v⃗ × ðv⃗ × B⃗Þ
axis (blue) and using the asymmetry method along the v⃗ × B⃗ axis
(orange) for two showers with different zenith angles.

SIMULATION STUDY OF THE RELATIVE ASKARYAN … PHYS. REV. D 105, 103006 (2022)

103006-9



0
BBBBBBBBBBBBBBB@

1 −0.630 −0.512 0.339 0.158 0.223 −0.011 −0.249
1 −0.195 −0.494 0.049 −0.113 0.189 0.063

1 −0.212 −0.449 0.022 −0.109 0.273

1 −0.240 −0.369 0.050 0.039

1 −0.156 −0.400 0.099

1 −0.198 −0.492
1 −0.580

1

1
CCCCCCCCCCCCCCCA

[1] T. Huege, Phys. Rep. 620, 1 (2016).
[2] F. G. Schröder, Prog. Part. Nucl. Phys. 93, 1 (2017).
[3] C. W. James, Phys. Rev. D 105, 023014 (2022).
[4] F. Sarazin et al., Bull. Am. Astron. Soc. 51, 93 (2019),

https://baas.aas.org/pub/2020n3i093.
[5] F. G. Schröder et al., Bull. Am. Astron. Soc. 51, 131 (2019),

https://baas.aas.org/pub/2020n3i131.
[6] C. Glaser, M. Erdmann, J. R. Hörandel, T. Huege, and J.

Schulz, J. Cosmol. Astropart. Phys. 09 (2016) 024.
[7] W. D. Apel et al. (LOPES Collaboration), Phys. Rev. D 85,

071101 (2012).
[8] S. Buitink et al. (LOFAR Collaboration), Phys. Rev. D 90,

082003 (2014).
[9] P. A. Bezyazeekov et al. (Tunka-Rex Collaboration), Phys.

Rev. D 97, 122004 (2018).
[10] W. D. Apel et al., J. Cosmol. Astropart. Phys. 09 (2014)

025.
[11] A. Corstanje et al., Astropart. Phys. 61, 22 (2015).
[12] S. Grebe (Pierre Auger Collaboration), AIP Conf. Proc.

1535, 73 (2013).
[13] A. Aab et al. (Pierre Auger Collaboration), Phys. Rev. D 89,

052002 (2014).
[14] A. Corstanje et al. (LOFAR Collaboration), Proc. Sci.,

ICRC2015 (2015) 396.
[15] D. Kostunin, P. A. Bezyazeekov, R. Hiller, F. G. Schröder,

V. Lenok, and E. Levinson, Astropart. Phys. 74, 79 (2016).
[16] M. G. Aartsen et al. (IceCube Collaboration), J. Instrum. 12,

P03012 (2017).
[17] R. Abbasi et al. (IceCube Collaboration), Nucl. Instrum.

Methods Phys. Res., Sect. A 700, 188 (2013).
[18] M. Oehler and R. Turcotte (IceCube Collaboration), Proc.

Sci., ICRC2021 (2021) 225.
[19] D. Heck, J. Knapp, J. N. Capdevielle, G. Schatz, and

T. Thouw, Report FZKA 6019, Forschungszentrum

Karlsruhe (Forschungszentrum Karlsruhe, Karlsruhe,
Germany, 1998).

[20] T. Huege, M. Ludwig, and C.W. James, AIP Conf. Proc.
1535, 128 (2013).

[21] T. T. Böhlen, F. Cerutti, M. P. W. Chin, A. Fassò, A. Ferrari,
P. G. Ortega, A. Mairani, P. R. Sala, G. Smirnov, and V.
Vlachoudis, Nucl. Data Sheets 120, 211 (2014).

[22] F. Riehn, R. Engel, A. Fedynitch, T. K. Gaisser, and T.
Stanev, Phys. Rev. D 102, 063002 (2020).

[23] E. N. Paudel, A. Coleman, and F. G. Schroeder, Proc. Sci.,
ICRC2021 (2021) 429 [arXiv:2108.06336].

[24] O. Scholten et al. (LOFAR Collaboration), Phys. Rev. D 94,
103010 (2016).

[25] J. Alvarez-Muñiz, W. R. Carvalho, Jr., H. Schoorlemmer,
and E. Zas, Astropart. Phys. 59, 29 (2014).

[26] C. Glaser, S. de Jong, M. Erdmann, and J. R. Hörandel,
Astropart. Phys. 104, 64 (2019).

[27] A. Coleman (IceCube Collaboration), Proc. Sci., ICRC2021
(2021) 317 [arXiv:2107.09666].

[28] A. Leszczyńska and M. Plum (IceCube Collaboration),
Proc. Sci., ICRC2019 (2020) 332 [arXiv:1909.02258].

[29] W. D. Apel et al. (LOPES Collaboration), Eur. Phys. J. C 81,
176 (2021).

[30] A. Aab et al. (Pierre Auger Collaboration), Phys. Rev. D 93,
122005 (2016).

[31] A. Aab et al. (Pierre Auger Collaboration), J. Instrum. 12,
T10005 (2017).

[32] P. A. Bezyazeekov et al., Nucl. Instrum. Methods Phys.
Res., Sect. A 802, 89 (2015).

[33] A. Nelles et al., J. Cosmol. Astropart. Phys. 05 (2015)
018.

[34] P. A. Bezyazeekov et al. (Tunka-Rex Collaboration),
J. Cosmol. Astropart. Phys. 01 (2016) 052.

[35] A. Corstanje et al., Phys. Rev. D 103, 102006 (2021).

PAUDEL, COLEMAN, and SCHROEDER PHYS. REV. D 105, 103006 (2022)

103006-10

https://doi.org/10.1016/j.physrep.2016.02.001
https://doi.org/10.1016/j.ppnp.2016.12.002
https://doi.org/10.1103/PhysRevD.105.023014
https://baas.aas.org/pub/2020n3i093
https://baas.aas.org/pub/2020n3i093
https://baas.aas.org/pub/2020n3i093
https://baas.aas.org/pub/2020n3i131
https://baas.aas.org/pub/2020n3i131
https://baas.aas.org/pub/2020n3i131
https://doi.org/10.1088/1475-7516/2016/09/024
https://doi.org/10.1103/PhysRevD.85.071101
https://doi.org/10.1103/PhysRevD.85.071101
https://doi.org/10.1103/PhysRevD.90.082003
https://doi.org/10.1103/PhysRevD.90.082003
https://doi.org/10.1103/PhysRevD.97.122004
https://doi.org/10.1103/PhysRevD.97.122004
https://doi.org/10.1088/1475-7516/2014/09/025
https://doi.org/10.1088/1475-7516/2014/09/025
https://doi.org/10.1016/j.astropartphys.2014.06.001
https://doi.org/10.1063/1.4807524
https://doi.org/10.1063/1.4807524
https://doi.org/10.1103/PhysRevD.89.052002
https://doi.org/10.1103/PhysRevD.89.052002
https://doi.org/10.22323/1.236.0396
https://doi.org/10.22323/1.236.0396
https://doi.org/10.1016/j.astropartphys.2015.10.004
https://doi.org/10.1088/1748-0221/12/03/P03012
https://doi.org/10.1088/1748-0221/12/03/P03012
https://doi.org/10.1016/j.nima.2012.10.067
https://doi.org/10.1016/j.nima.2012.10.067
https://doi.org/10.22323/1.395.0225
https://doi.org/10.22323/1.395.0225
https://doi.org/10.1063/1.4807534
https://doi.org/10.1063/1.4807534
https://doi.org/10.1016/j.nds.2014.07.049
https://doi.org/10.1103/PhysRevD.102.063002
https://arXiv.org/abs/2108.06336
https://doi.org/10.1103/PhysRevD.94.103010
https://doi.org/10.1103/PhysRevD.94.103010
https://doi.org/10.1016/j.astropartphys.2014.04.004
https://doi.org/10.1016/j.astropartphys.2018.08.004
https://arXiv.org/abs/2107.09666
https://arXiv.org/abs/1909.02258
https://doi.org/10.1140/epjc/s10052-021-08912-4
https://doi.org/10.1140/epjc/s10052-021-08912-4
https://doi.org/10.1103/PhysRevD.93.122005
https://doi.org/10.1103/PhysRevD.93.122005
https://doi.org/10.1088/1748-0221/12/10/T10005
https://doi.org/10.1088/1748-0221/12/10/T10005
https://doi.org/10.1016/j.nima.2015.08.061
https://doi.org/10.1016/j.nima.2015.08.061
https://doi.org/10.1088/1475-7516/2015/05/018
https://doi.org/10.1088/1475-7516/2015/05/018
https://doi.org/10.1088/1475-7516/2016/01/052
https://doi.org/10.1103/PhysRevD.103.102006

