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Radio Detectors
to measure properties of cosmic rays
- direction
- energy
- mass/type of particle
with ~100% duty cycle

Large-scale radio detectors
to measure extensive air showers
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Figure 2. Reconstructed arrival directions for all air showers used in this analysis (squar
indicated (cross) is the direction of the magnetic field (18.6 µT North, 45.6 µT downward) at
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is sampled at between 192 and 528 distinct locations.
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Reconstructing polarized radio emission

ϕ gives the azimuthal angle for the charge-excess emission. The subscripts x and y denote the geographic east and
north directions, respectively; see Fig. 3. From the incoming direction of the air shower and the direction of the
AAB et al. ϕG . Using the
⃗ weA.obtained
geomagnetic field (− ⃗v × B),
zenith angle θa and the azimuthal angle60ϕa of the shower
axis as well as the angle ψ, we define the azimuthal angle
value of R [see Eq. (5)]
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gives the relative strength of the electric fields induced
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Figure 8. Polarization footprint of a single air shower, as recorded with the LOFAR
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igure 8. Polarization footprint of a single air shower, as recorded with the LOFAR low-band
ntennas, projected onto the shower plane. Each arrow represents the electric field measured by one
ntenna. The direction of the arrow is defined by the polarization angle with the ê~v⇥B~ axis and
s length is proportional to the degree of polarization p. The shower axis is located at the origin
ndicated by the black dot). The median uncertainty on the angle of polarization is 4 and the value
or each antenna is indicated by the grey arrows in the background. Except for a few antennas in
he lower left station they are mostly small, indicating that the pattern is not the result of a random
uctuation.

Figure 12. Charge-excess fraction as a function of distance from the shower axis for three different
zenith
bins. can clearly
ocation in the shower plane according to eq. (5.4). In figure
9 thisangle
dependence

e seen for two measured air showers.
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fluctuations.
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Lateral distribution of radio signals
as measured by LOFAR

A. Nelles et al., Astropart. Phys. 60 (2015) 13

Lateral distribution of radio signals
as measured by LOFAR

st fit to the data (equation (10)). Left:

Figure 14: Air shower as measured with LOFAR with a best fit to the
shower plane. The circles indicate the measurements, the background
encoded in color. Right: Pulse power as a function of the distance to
measurements, the full red circles show the fit to the data.
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13via timing.
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Lateral distribution of radio signals

In order to better visualize the shape of the lateral signal distribution of the simulated signal, the power
from the grid pattern (figure 3) can be interpolated and plotted, as it is done in figure 4. Since this is in
the shower plane, this pattern is in general circular, so one is tempted to look for rotational symmetry. It is
however also clearly visible that the central part with the highest signal is not rotationally symmetric.
As discussed in section 2, the classical choice is an exponential function. Especially for events measured
not
symmetric
at larger distances to the shower
axis,rotational
this has proven
to be successful. Thus, functions which have an
exponential fall-o↵ at larger distances are obvious candidates. In addition, the functions should deliver
a flattening or even fall-o↵ near the center. Purely from these shape considerations, the following initial
parameterization isfit
chosen.
two Gaussian functions

Lateral distribution of radio signals
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Here, P is the total power of the integrated radio signal, x0 , y 0 are the spatial coordinates, centered around
~ and ~v ⇥ ~v ⇥ B.
~ This function has
the position of the shower axis in the plane spanned by the vectors ~v ⇥ B
nine free parameters that need to be fitted. Those are the location parameters X+ , X , Y+ , Y , the width
parametersv x+(v
, x, B)
the o↵set parameter O and the two scaling vparameters
A+ and A , which are positive
xB
and it holds A+ > A . This means that the parameterization is made up of two Gaussians, which are shifted
with respect to each other and subtracted from each other. As it is a parameterization in the shower plane,
it also depends on an independent reconstruction of the direction of the shower.
5. Fit quality and parameter adaptation
Function (2) is fitted without any further restrictions to every individual simulated shower, using a
standard Levenberg-Marquardt least-squares algorithm. In oder to identify suitable starting values, first one
single two-dimensional Gaussian function is fitted. This will be especially necessary if the core position (here
(0,0) from simulations) is not well known, as it is typically the case for measured showers.
The o↵set parameter O is introduced, as the CoREAS simulations su↵er from noise artifacts at larger
A. Nelles
al., Astropart.
Phys.
(2015)
13 does
distances to the shower axis, introduced by the thinning
of the et
simulated
air showers.
The60signal
power
Figure 5: Detailed result of the fit of a single simulated shower. In both figures the original simulation is depicted in black
therefore
not reach zero, as it is expected from physical considerations. As it is an additional parameter to
squares and the value of the fit is indicated by a red circle. The results are shown with respect to two perpendicular axes in the
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Figure 4: Interpolated pattern of the simulated total power for two di↵erent air showers in the shower plane. On the left a
shower measured at a large distance and on the right a shower measured at a small distance to the shower maximum is shown.
18 a visible asymmetry and a circular, bean-shaped pattern.
Both showers show

4. General17.5
considerations and choice of parametrization
In order to better visualize the shape of the lateral signal distribution of the simulated signal, the power
from the grid pattern (figure 3) can be interpolated and plotted, as it is done in figure 4. Since this is in
the shower plane, this pattern is in general circular, so one is tempted to look for rotational symmetry. It is
17
however also clearly
visible that the central part with the highest signal is not rotationally symmetric.
As discussed in section 2, the classical choice is an exponential function. Especially for events measured
at larger distances to the shower axis, this has proven to be successful.
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Figure 4: Interpolated pattern of the simulated total power for two di↵erent air showers in the shower plane. On the left a
shower measured at350
a large distance and on the right a shower measured at a small distance to the shower maximum is shown.
Both showers show a visible asymmetry and a circular, bean-shaped pattern.
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4. General considerations and choice of parametrization
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In order to better visualize the shape of the lateral signal distribution of the simulated signal, the power
from the grid pattern (figure 3) can be interpolated and plotted, as it is done in figure 4. Since this is in
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the shower plane, this pattern is in general circular, so one is tempted to look for rotational symmetry. It is
however also clearly visible that the central part with the highest signal is not rotationally symmetric.
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As discussed in section 2, the classical choice is an exponential function. Especially for events measured
at larger distances to the shower axis, this has proven to be successful. Thus, functions which have an
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exponential fall-o↵ at larger distances are obvious candidates. In addition, the functions should deliver
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Radiation mechanism
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Precision measurements of radio emission
from air showers
• lateral distribution - not rotational symmetric

AERA

parametrization with two Gaussian functions
• Cherenkov ring in 120 - 240 MHz band
• shape of radio wavefront --> hyperboloid
• polarization --> emission processes (charge excess
fraction)
• properties of cosmic rays from radio data
- direction
- energy
- particle type/mass
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stay tuned, several articles recently
accepted and/or submitted
Jörg R. Hörandel

Radboud University Nijmegen
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