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Radio Emission in Air Showers

n Mainly: Charge separation in 
geomagnetic field

Theory predicts additional 
mechanisms:

n excess of electrons in shower:
charge excess

n superposition of emission due to 
Cherenkov effects in atmosphere
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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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Auger Engineering Radio Array
AERA

124 (150) antennas >2000 antennas



             core
23 stations ~5 km2

each (dutch) station:
  96 low-band antennas                   30-  80 MHz
  high-band antennas (2x24 tiles) 120-240 MHz



LOFAR Radboud Air Shower Array - LORA

20 scintillator units
(~1 m2 each)
read out by 
wavelength shifter 
bar and PMT
in LOFAR core

             provide 

- properties of EAS 
- and trigger



A measured air shower
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The Auger Engineering Radio Array

Auger Engineering Radio Array
AERA

Objective:
• measure radio emission from EAS in frequency range 
   30 MHz - 80 MHz
• ~20 km2 array with ~160 antennas
•  operation together with infill/HEAT/AMIGA
•  three antenna spacings to cover efficiently 

 17.2 < lg E/eV < 19.0
•  measure composition of cosmic rays in energy region   

of transition from galactic to extragalactic cosmic rays

~6 km2 124 stations 
since May 2013
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muon detector

AMIGA-AERA Multi-Hybrid Events
and perspective for Auger-Next
Frank G. Schröder

Coihueco,

100 stations

5 frank.schroeder@kit.edu
Institut für Kernphysik

KIT Campus North

09 Mar 2014 AERA-AMIGA hybrid analysis

AMIGA unitary cell
≥10 m² installed at each location

Three detectors at one site: SD + MD + RD

24 stations

+ simulations suggest that radio efficiency is higher for inclined air showers 
+ significant vertical component for inclined showers
+ simulations predict strong radio signal at low (< 10 MHz) frequencies
    Perform measurements with prototype stations:

Investigations of the Radio Low Frequency 
and Vertical Polarization Signals

LF

Three tripole stations (40 - 80 MHz) and one low frequency station (1.5 - 6 MHz)
were successfully deployed and taking data since November 2013 

R&D for vertical
polarization124 stations „working horse“

HEAT

~6 km2 instrumented area

since August 2010 since May 2013

Auger Engineering Radio Array
AERA
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First quadruple hybrid event

Energy and Xmax (FD)

An air shower measured simultaneously with ...
the Fluorescence Telescopes

longitudinal shower profile
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First quadruple hybrid event

Footprint in RD and SD
Zenith (SD): 57.4 f 0.5 e

Azimuth (SD): 6.7 f 0.4e

radio pulse in hottest AREA station

E ~ 2*1017 eV     Xmax ~ 860 g/cm2     zenith angle ~ 75°     azimuth angle ~ 8°

the Surface Detectors

footprint



An air shower measured simultaneously with ...
the Radio Detectors

radio pulse
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An air shower measured simultaneously with ...
the Muon Detectors

E ~ 2*1017 eV     Xmax ~ 860 g/cm2     zenith angle ~ 75°     azimuth angle ~ 8°

the Surface Detectors
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MD and SD lateral distribution
lateral shower profile



Polarization



0 20 40 60 80
0

4
/

2
/

4
/3

/

4
/5

2
/3

4
/7

Arrival direction

Auger Engineering Radio Array
AERA

of showers with strong 
radio signal
north-south asymmetry
v x B effect

~✏ / ~v ⇥ ~B

α
shower

North

Geomagnetic field

East

 (Energy/eV) 
10

log
16 16.5 17 17.5 18 18.5 19 19.5 20

C
ou

nt

1

10

210



0 20 40 60 80
0

4
/

2
/

4
/3

/

4
/5

2
/3

4
/7

Arrival direction

Auger Engineering Radio Array
AERAFigure 2. Reconstructed arrival directions for all air showers used in this analysis (squares). Also

indicated (cross) is the direction of the magnetic field (18.6µT North, 45.6µT downward) at LOFAR.

is sampled at between 192 and 528 distinct locations.

4 Reconstructing polarized radio emission

Using the reconstructed direction of the air shower, the full time traces measured by the X

and Y dipoles are combined, while correcting for their frequency-dependent complex gain
[27]. These gains are obtained from antenna simulations and are calculated for a plane wave,
arriving from direction �êv, where ~v is the propagation velocity vector of the air shower, and
polarized along ê✓ or ê� as defined in figure 3. The resulting combined signals are thus the
electric field components along ê✓ and ê�.

For the present analysis these are subsequently projected, following figure 4, onto the
ê~v⇥ ~B and ê~v⇥~v⇥ ~B directions. Here ~

B again represents the geomagnetic field.
Note that for this procedure it is assumed that the emission has no component along

the propagation direction êv [27].

4.1 Observer positions in the shower plane

Given a position for the shower core and arrival direction, the antenna positions can be
projected onto the shower plane as given by figure 5. Here each antenna i is represented
by the polar coordinates �

0
i measured from the ê~v⇥ ~B axis (positive in the direction of the

ê~v⇥~v⇥ ~B axis), and r

0
i the distance from the shower axis.

While the particle detector array o↵ers an initial estimate of the core position this is not
reliable when the shower core is not contained within the particle detector array, as is often
the case for the measured air showers. Therefore, the shower core position is determined by

– 5 –
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Polarization of the radio signal

we estimate the mean value. We do this by taking into
account the additional spread in the sample Δ by requiring
that

!2

ndf
! 1

n

XN

i

"ai ! ā#2

""2ai $ Δ2#
! 1: (20)

In which the mean value ā is calculated using a weighted
average, with weights

wi ! 1=""2ai $ Δ2#: (21)

We use for "ai the upper uncertainty bound when ā is larger
than ai, and the lower uncertainty bound when ā is smaller
the ai. We find that the requirement in Eq. (20) is satisfied
at a value Δ ! 0.10, and the rescaled uncertainties!!!!!!!!!!!!!!!!!!!!!
""2ai $ Δ2#

q
are indicated by the orange boxes around

the data points in Fig. 9. The mean value is estimated to be
ā ! 0.14, the uncertainty on the mean is estimated from the
weights

"ā !
1!!!!!!!!!!!!!Pn
i wi

p (22)

and has a value 0.02.

The deduced mean value of a has been used to predict
with Eq. (8) the values of #p and its uncertainty based on
the uncertainties in the location and the direction of the
shower axis and on the uncertainty in the direction of the
geomagnetic field. These predictions are shown in Fig. 10
and compared to the measured polarization angles. In the
case where we take a ! 0.14, the value of the Pearson
correlation coefficient is given by $P ! 0.93$0.04

!0.03 at 95%
C.L. If we compare this number with the value obtained
under the assumption, that there is only geomagnetic
emission (a ! 0 with $P ! 0.82$0.06

!0.04; see Fig. 8), we see
that the correlation coefficient increases significantly.
In addition, the reduced !2 value decreases from 27 for
a ! 0.0 to 2.2 for a ! 0.14.
This deduced contribution for a radial component with a

strength of "14% 2#% compared to the component induced
by the geomagnetic-emission process is, within the uncer-
tainties, in perfect agreement with the old data published
in Refs. [22,25]. They quote values of "15% 5#% and
"14% 6#% for a radio-detection setup located in British
Colombia and operated at 22 MHz.

G. Summary of experimental results

The results presented in the previous sections show that
we can use the direction of the induced electric field vector
as a tool to study the mechanism for the radio emission
from air showers. In addition to the geomagnetic emission
process which leads to an electric field vector pointing in a
direction which is fixed by the incoming direction of the
cosmic ray and the magnetic field vector of the Earth, there
is another electric field component which is pointing
radially towards the core of the shower. For the present
equipment sited at the Pierre Auger Observatory and for the
set of showers observed, this radial component has on
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FIG. 9 (color online). Distribution of most probable values of a
[see Eq. (10)] and their uncertainties for the AERA24 data set
(see Appendix B for details). The 68% confidence belt around the
mean value of a is shown as the solid blue line; the value a ! 0 is
indicated with the dotted red line; see text for further details.
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FIG. 10 (color online). The predicted polarization angle using
the combination of the two emission mechanisms with a !
0.14% 0.02 versus the measured polarization angle for the
AERA24 data set; see also the caption to Fig. 8.
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emission dominated by 
geomagnetic emission
14 +/- 2 % charge excess 
processes

measure direction of electric field 
vector at different positions

S=N > 2; (6)

where S and N are defined by Eqs. (3) and (4), respectively.
The uncertainties in R were obtained by adding noise from
the defined noise region to the signal, such that a set of
varied signals was obtained,

E⃗0
i!k " E⃗i!k ! E⃗i!m; (7)

for i running from 1 to 25 for each value of m in the noise
region fromm0 tom0 ! 294. We recall that the index k was
chosen such that S reaches its maximum value [see Eq. (3)].
Similar to the determination of the value R using Eq. (5), a
set of values R0 was generated using the values E⃗0

i!k. From
their probability density function, the variance and the
spread !R for R were determined. The uncertainty !" in
the observation angle was determined from the SD data and
from the location of the RDS relevant for the data point
plotted. The values ofR and their uncertainties are displayed
in Fig. 7 as a function of the angle " for the events recorded
by AERA24 which passed all the quality cuts. This "
dependence of R reflects predictions made by Refs. [28,31].
These predictions are based on simulations which account
for geomagnetic emission and emission induced by the
excess of charge at the shower front. Therefore, Fig. 7 gives
evidence that the emission measured cannot be ascribed to
the geomagnetic emission mechanism alone.

F. Direction of the electric field vector

To quantify the deviation from the geomagnetic radiation
as measured with our equipment, we compared measured
polarization angles with predictions based on a simple
model. This model assumes a contribution, in addition to
the geomagnetic process, which has a polarization like the
one from the charge-excess emission process. From Eq. (1)
we can write the azimuthal polarization angle as

#p " tan!1
!
EG
y ! EA

y

EG
x ! EA

x

"

" tan!1
!
sin##G$ sin##$ ! a sin##A$
cos##G$ sin#$$ ! a cos##A$

"
: (8)

Here #G is the azimuthal angle of the geomagnetic
contribution with respect to the geographic east; similarly,
#A gives the azimuthal angle for the charge-excess emis-
sion. The subscripts x and y denote the geographic east and
north directions, respectively; see Fig. 3. From the incom-
ing direction of the air shower and the direction of the
geomagnetic field (!v⃗ ! B⃗), we obtained #G. Using the
zenith angle %a and the azimuthal angle #a of the shower
axis as well as the angle " , we define the azimuthal angle
#A as

#A " tan!1
!
sin2#%a$ cos#" ! #a$ sin##a$ ! sin#"$
sin2#%a$ cos#" ! #a$ cos##a$ ! cos#"$

"
;

(9)

while taking into account the signs of the numerator and the
denominator in this equation. In Eq. (8) the parameter a
gives the relative strength of the electric fields induced
by the charge-excess and by the geomagnetic emission
processes,

a" sin#$$ jE
Aj

jEGj
: (10)

To obtain the azimuthal polarization angle from the
observed electric field (see Sec. III C), we used a formalism
based on Stokes parameters, which are often used in radio
astronomy; see e.g. Ref. [50] for more details. Using
Eq. (2), the EW and NS components are presented in a
complex form, Ej;x " Ej;x ! i ~Ej;x and Ej;y " Ej;y ! i ~Ej;y,
where we use the notation ~E " H#E$ and where j denotes
the sample number (i.e. time sequence). In this representa-
tion the time-dependent intensity of the electric field
strength is given by

Ij " E2
j;x ! ~E2

j;x ! E2
j;y ! ~E2

j;y: (11)

After removing the contributions from narrow-band
transmitters using the noise reduction method based on
transformations forth and back to the frequency domain
(see Sec. II B), we used the region of interest displayed in
the bottom panel of Fig. 4 to find the signal. Because the
recorded pulses induced by air showers were limited in
time, the average polarization properties were calculated in
a narrow signal window. The position and width of this
window were defined as the maximum and the full width at
half maximum (FWHM) of the intensity of the signal. In
this signal window the two Stokes parameters that represent
the linear components were calculated as

FIG. 7 (color online). The calculated value of R [see Eq. (5)]
and its uncertainty for the AERA24 data set as a function of the
observation angle " . The dashed line denotes R " 0.
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Figure 8. Polarization footprint of a single air shower, as recorded with the LOFAR low-band
antennas, projected onto the shower plane. Each arrow represents the electric field measured by one
antenna. The direction of the arrow is defined by the polarization angle  with the ê~v⇥ ~B axis and
its length is proportional to the degree of polarization p. The shower axis is located at the origin
(indicated by the black dot). The median uncertainty on the angle of polarization is 4� and the value
for each antenna is indicated by the grey arrows in the background. Except for a few antennas in
the lower left station they are mostly small, indicating that the pattern is not the result of a random
fluctuation.

location in the shower plane according to eq. (5.4). In figure 9 this dependence can clearly
be seen for two measured air showers.

– 13 –
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antenna. The direction of the arrow is defined by the polarization angle  with the ê~v⇥ ~B axis and
its length is proportional to the degree of polarization p. The shower axis is located at the origin
(indicated by the black dot). The median uncertainty on the angle of polarization is 4� and the value
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location in the shower plane according to eq. (5.4). In figure 9 this dependence can clearly
be seen for two measured air showers.
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Charge excess fraction

geomagnetic Askaryan

Table 1. Charge-excess fraction as a function of the distance from the shower axis for three di�erent
zenith angle bins.

Charge-excess fraction (a)
r⇥ � = [0�, 20�) � = [20�, 40�) � = [40�, 60�)

0� 50m (8.15± 1.59)% (6.87± 0.68)% (3.47± 0.79)%
50� 100m (13.71± 0.47)% (11.15± 0.25)% (5.84± 0.43)%
100� 150m (16.91± 0.66)% (12.80± 0.21)% (9.93± 0.46)%
150� 200m (18.74± 0.57)% (14.89± 0.24)% (10.76± 0.49)%
200� 250m (20.80± 0.98)% (15.66± 0.35)% (10.44± 0.54)%

Figure 12. Charge-excess fraction as a function of distance from the shower axis for three di�erent
zenith angle bins.

obtained, and listed in table ??, still depend on the event set used due to shower-to-shower
fluctuations.

7 Systematic uncertainties

While the addition of background noise results in an additional statistical uncertainty on the
polarization angle and thus the charge-excess fraction, which is accounted for in the Monte
Carlo procedures described in appendices ?? and ??, it also introduces a systematic bias on
the angle of polarization [? ] which worsens with decreasing signal-to-noise ratio. While
this in principle can be corrected for by subtracting the Stokes parameters calculated on
background noise alone before calculating the angle of polarization, this has the downside
of increasing the statistical uncertainty. For this reason it was opted to not correct for

– 14 –
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Figure 14: Air shower as measured with LOFAR with a best fit to the data (equation (10)). Left: Pattern projected into the
shower plane. The circles indicate the measurements, the background indicates the fit. The integrated total pulse power is
encoded in color. Right: Pulse power as a function of the distance to the shower axis. The open black squares indicate the
measurements, the full red circles show the fit to the data.

The fit can essentially be reduced to four parameters, given that in experiments the arrival direction is
estimated independently of the signal strength via timing. We exemplary show that the parameterization
reproduces air showers as measured with LOFAR. This is the first analytic parameterization to do so.

In further investigations we will study methods to derive X
max

based on the discussed parametrization
from measured data and explore the achievable resolution. For LOFAR, this parameterization can for now
simplify and speed up the identification of X

max

, compared to the current method that is based on individual
simulations for every air shower covering the whole parameter space.

If one wants to use the lateral distribution of the radio emission of air showers as an independent tool
to determine all air shower characteristics, one needs to provide a su�ciently high number of independent
measurements of the signal strength. Experiments measuring the radio emission then need to be set-up
accordingly. In oder to be able to use the most minimal parametrization of the lateral distribution at least
four measurements are needed.

Appendix A. Fit parameters
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Lateral distribution of radio signals



Figure 5: Detailed result of the fit of a single simulated shower. In both figures the original simulation is depicted in black
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
shower plane, thereby respectively ignoring the coordinates in the other axes. The figure illustrates a good agreement between
the simulation and the fit to the simulation.

Figure 6: Illustration of the residuals of the fit shown in figure 5. Left: Relative di↵erences between simulation and fit with
respect to the individual simulation. Right: Relative di↵erences between simulation and fit with respect to the maximum of the
simulation. Features that can be interpreted as straight edges are caused by the interpolation for the plot.

Additionally, it was found that the Y� parameter is almost constant ( Y� < 1m) for all fits and it is
therefore also not needed.

An example of a successful fit is shown in figure 5. Both, the fit and the simulated data are shown and
represented as circles and squares, respectively. For better visibility cuts through the x0-axis (~v⇥ ~B) and the
y0-axis are shown, which illustrate in which coordinates the asymmetry is present. Given the constructive
interference of the geomagnetic e↵ect and the charge excess, the asymmetry is especially visible with respect
to ~v ⇥ ~B. The figure shows a good agreement between simulated data and the fit.

In order to assess the quality of the fit, the relative uncertainty is calculated. As there are no measurement
uncertainties on the simulated showers, the absolute residuals are not directly comparable between events.
This is especially true, given the fact that the simulated events span three orders of magnitude in energy,
which delivers pulse powers that span six orders of magnitude. Therefore, the relative di↵erence between
original simulation and fit is calculated, as it is shown in figure 6. The relative uncertainty with respect to
every individual signal is shown on the left. At regions with lower signal this gets rather large as a small value
is divided by another small value. These are however the less relevant parts of the shower as they contain
low (possibly experimentally not measurable) signals. In order to make the relevant part better visible the
di↵erence with respect to the maximum signal is shown on the right.

Those regions of the fit that show the largest deviations, are those that lie at the outer fall-o↵ (in figures 5

6

Lateral distribution of radio signals
not rotational symmetric

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.
Both showers show a visible asymmetry and a circular, bean-shaped pattern.

4. General 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
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. 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 is chosen.

P (x0, y0) = A
+

· exp
✓
�[(x0 �X

+

)2 + (y0 � Y
+

)2]

�2

+

◆
�A� · exp

✓
�[(x0 �X�)2 + (y0 � Y�)2]

�2

�

◆
+O (2)

Here, P is the total power of the integrated radio signal, x0, y0 are the spatial coordinates, centered around
the position of the shower axis in the plane spanned by the vectors ~v ⇥ ~B and ~v ⇥ ~v ⇥ ~B. This function has
nine free parameters that need to be fitted. Those are the location parameters X

+

, X�, Y+

, Y�, the width
parameters �

+

,��, the o↵set parameter O and the two scaling parameters A
+

and A�, which are positive
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
distances to the shower axis, introduced by the thinning of the simulated air showers. The signal power does
therefore not reach zero, as it is expected from physical considerations. As it is an additional parameter to
the fit, which can introduce local minima, it can be left out, at the cost of an decreased fitting quality at the
outer edges of the grid. Depending on the noise situation and the required signal-to-noise ratio, it might be
necessary to reintroduce this parameter for measured data.

5

fit two Gaussian functions

v x Bv x (v x B)

A. Nelles et al., Astropart. Phys. 60 (2015) 13
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84 Chapter 5. Properties of the measured air showers and their radio emission

Figure 5.12: Simulated pulse power (CoREAS) as a function of distance to shower axis for different
ideal filter settings on an idealized grid of antennas. For this shower the primary particle was a proton
of 7.2 · 1017eV, arriving at a zenith angle of 38�. As the pulse power is not only a function of distance
to shower axis, the spread at any particular distance represents the asymmetry in the signal.

5.2.2 Observation of Cherenkov rings in air showers

The high antenna density of LOFAR enables detailed studies of the radiation pattern gener-
ated by individual showers. This is needed due to the intrinsic asymmetry of the signal which
hinders averaging over showers. LOFAR is the only current experiment that can confirm the-
oretical predictions about the signal pattern in a single event study, especially for the range
above 100MHz.

Comparison to simulations

Using the air showers simulations it can be predicted what is expected from an observation
at higher frequencies. Figure 5.12 shows one single simulated air shower filtered in the two
different LOFAR frequency bands. The shape of the lateral signal distribution changes and the
ring like structure is more enhanced at higher frequencies, while the total power of the signal
is decreasing with frequency. Also, the azimuthal asymmetry, which is visible in the spread
for the lower frequency band, seems to decrease for the higher band.

A direct comparison of the HBA data using the method of [134] can only be accomplished
under certain conditions. As discussed earlier, the additional gain differences of the HBA sub-
stations according to their rotation make it challenging to correct for the hardware response.
To do this correctly, one would have to simulate single pulses and feed them through a full
model of the hardware, including especially the analogue beam former, which is very sensitive
to uncertainties on the arrival direction. Such a realistic model of the full hardware is however
not available yet.

Instead, we concentrate on air showers that arrived from close to the direction of the beam.
As discussed above (figures 3.14 and 5.10) the response of all HBA sub-stations is similar for

• LOFAR is the only dedicated 
experiment with high-band 
antennas

• tuned to astronomical 
observations

• include analogue beamforming
• complicated calibration routine

• Signals expected to be 

• more affected by Cherenkov 
enhancement

• concentrated on a ring of 
emission

Radio emission at 120 - 240 MHz

A. Nelles et al (LOFAR Collaboration), subm. to Astroparticle Physics



Measuring Cherenkov Rings
110 - 190 MHz

• higher frequency-range: dominance 
of relativistic time-compression

• first experiment to observe these in 
single events

A. Nelles et al (LOFAR Collaboration), subm. to Astroparticle Physics
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(a) Small

(b) Intermediate

(c) Large

Figure 2: Toy model motivating a hyperbolic wavefront shape. A point source moves vertically at a velocity
v > c/n and emits for a limited amount of time. The solid horizontal line represents the ground plane. The
generated wavefront is observed as conical (top panel) by an observer at small distances to the point where
the source stops emitting. Observers at intermediate distances see a hyperbolic wavefront shape (middle
panel). For observers at larger distances the observed wavefront shape is closer to a sphere (bottom panel).
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the source stops emitting. Observers at intermediate distances see a hyperbolic wavefront shape (middle
panel). For observers at larger distances the observed wavefront shape is closer to a sphere (bottom panel).
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Figure 2: Toy model motivating a hyperbolic wavefront shape. A point source moves vertically at a velocity
v > c/n and emits for a limited amount of time. The solid horizontal line represents the ground plane. The
generated wavefront is observed as conical (top panel) by an observer at small distances to the point where
the source stops emitting. Observers at intermediate distances see a hyperbolic wavefront shape (middle
panel). For observers at larger distances the observed wavefront shape is closer to a sphere (bottom panel).
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(a) Hyperbolic fit

(b) Conical fit

(c) Spherical fit

Figure 6: The arrival time di�erences from a plane wave as a function of distance to the shower axis with
the best fitting shape solutions. A hyperbolic (top), conical (middle) and spherical (bottom) fit has been
applied, respectively. Each plot shows the arrival times as a function of the distance to the shower axis (top
panel) and deviations from the best fit scaled to the uncertainty for each datapoint (bottom panel). Note
that the shower core position is a free parameter in each fit, therefore the positions of the data points on
the x-axis di�er between fits, as is in particular evident for the spherical fit.
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Figure 2: Toy model motivating a hyperbolic wavefront shape. A point source moves vertically at a velocity
v > c/n and emits for a limited amount of time. The solid horizontal line represents the ground plane. The
generated wavefront is observed as conical (top panel) by an observer at small distances to the point where
the source stops emitting. Observers at intermediate distances see a hyperbolic wavefront shape (middle
panel). For observers at larger distances the observed wavefront shape is closer to a sphere (bottom panel).
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Figure 6: The arrival time di�erences from a plane wave as a function of distance to the shower axis with
the best fitting shape solutions. A hyperbolic (top), conical (middle) and spherical (bottom) fit has been
applied, respectively. Each plot shows the arrival times as a function of the distance to the shower axis (top
panel) and deviations from the best fit scaled to the uncertainty for each datapoint (bottom panel). Note
that the shower core position is a free parameter in each fit, therefore the positions of the data points on
the x-axis di�er between fits, as is in particular evident for the spherical fit.
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Figure 2: Toy model motivating a hyperbolic wavefront shape. A point source moves vertically at a velocity
v > c/n and emits for a limited amount of time. The solid horizontal line represents the ground plane. The
generated wavefront is observed as conical (top panel) by an observer at small distances to the point where
the source stops emitting. Observers at intermediate distances see a hyperbolic wavefront shape (middle
panel). For observers at larger distances the observed wavefront shape is closer to a sphere (bottom panel).
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Figure 6: The arrival time di�erences from a plane wave as a function of distance to the shower axis with
the best fitting shape solutions. A hyperbolic (top), conical (middle) and spherical (bottom) fit has been
applied, respectively. Each plot shows the arrival times as a function of the distance to the shower axis (top
panel) and deviations from the best fit scaled to the uncertainty for each datapoint (bottom panel). Note
that the shower core position is a free parameter in each fit, therefore the positions of the data points on
the x-axis di�er between fits, as is in particular evident for the spherical fit.
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Figure 2: Toy model motivating a hyperbolic wavefront shape. A point source moves vertically at a velocity
v > c/n and emits for a limited amount of time. The solid horizontal line represents the ground plane. The
generated wavefront is observed as conical (top panel) by an observer at small distances to the point where
the source stops emitting. Observers at intermediate distances see a hyperbolic wavefront shape (middle
panel). For observers at larger distances the observed wavefront shape is closer to a sphere (bottom panel).
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(a) Hyperbolic fit
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(c) Spherical fit

Figure 6: The arrival time di�erences from a plane wave as a function of distance to the shower axis with
the best fitting shape solutions. A hyperbolic (top), conical (middle) and spherical (bottom) fit has been
applied, respectively. Each plot shows the arrival times as a function of the distance to the shower axis (top
panel) and deviations from the best fit scaled to the uncertainty for each datapoint (bottom panel). Note
that the shower core position is a free parameter in each fit, therefore the positions of the data points on
the x-axis di�er between fits, as is in particular evident for the spherical fit.
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v > c/n and emits for a limited amount of time. The solid horizontal line represents the ground plane. The
generated wavefront is observed as conical (top panel) by an observer at small distances to the point where
the source stops emitting. Observers at intermediate distances see a hyperbolic wavefront shape (middle
panel). For observers at larger distances the observed wavefront shape is closer to a sphere (bottom panel).
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the best fitting shape solutions. A hyperbolic (top), conical (middle) and spherical (bottom) fit has been
applied, respectively. Each plot shows the arrival times as a function of the distance to the shower axis (top
panel) and deviations from the best fit scaled to the uncertainty for each datapoint (bottom panel). Note
that the shower core position is a free parameter in each fit, therefore the positions of the data points on
the x-axis di�er between fits, as is in particular evident for the spherical fit.
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Figure 2: Toy model motivating a hyperbolic wavefront shape. A point source moves vertically at a velocity
v > c/n and emits for a limited amount of time. The solid horizontal line represents the ground plane. The
generated wavefront is observed as conical (top panel) by an observer at small distances to the point where
the source stops emitting. Observers at intermediate distances see a hyperbolic wavefront shape (middle
panel). For observers at larger distances the observed wavefront shape is closer to a sphere (bottom panel).
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Figure 6: The arrival time di�erences from a plane wave as a function of distance to the shower axis with
the best fitting shape solutions. A hyperbolic (top), conical (middle) and spherical (bottom) fit has been
applied, respectively. Each plot shows the arrival times as a function of the distance to the shower axis (top
panel) and deviations from the best fit scaled to the uncertainty for each datapoint (bottom panel). Note
that the shower core position is a free parameter in each fit, therefore the positions of the data points on
the x-axis di�er between fits, as is in particular evident for the spherical fit.

12

hyperboloid

(a) Small

(b) Intermediate

(c) Large

Figure 2: Toy model motivating a hyperbolic wavefront shape. A point source moves vertically at a velocity
v > c/n and emits for a limited amount of time. The solid horizontal line represents the ground plane. The
generated wavefront is observed as conical (top panel) by an observer at small distances to the point where
the source stops emitting. Observers at intermediate distances see a hyperbolic wavefront shape (middle
panel). For observers at larger distances the observed wavefront shape is closer to a sphere (bottom panel).
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Figure 2: Toy model motivating a hyperbolic wavefront shape. A point source moves vertically at a velocity
v > c/n and emits for a limited amount of time. The solid horizontal line represents the ground plane. The
generated wavefront is observed as conical (top panel) by an observer at small distances to the point where
the source stops emitting. Observers at intermediate distances see a hyperbolic wavefront shape (middle
panel). For observers at larger distances the observed wavefront shape is closer to a sphere (bottom panel).
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panel). For observers at larger distances the observed wavefront shape is closer to a sphere (bottom panel).

5

Figure 7: Fit quality for a hyperbolic (top), conical (middle) and spherical (bottom) wavefront shape.

to shower maximum increases with decreasing elevation angle (✓), the shape of the radio wavefront is also
expected to depend on the elevation angle. This can be seen in Fig. 2 where the radius of curvature of the
inner part, its extent and the slope of the conical part are all expected to depend on the distance to the last
emission point. This in turn would depend on X

max

.
Similar to [10], we can take e.g. the time lag of the radio wavefront at r = 100m, with respect to the

arrival time of the emission along the shower axis (r = 0). It is not possible to use the hyperbola parameter
b (the slope of the asymptote) directly, as in some cases the asymptotic regime is (far) outside the data
range. Fig. 9 shows the time lag at r = 100m as a function of elevation angle. We find a weak correlation
with a Pearson correlation coe�cient of 0.32. The probability of obtaining this value for uncorrelated data
is 4 · 10�5.

To give an order of magnitude of the angular deviation between the measured wavefront and the shower
plane, we can use t

100

to get

↵ =
c t

100

100m
, (13)

which is on average 0.11 rad = 0.63 �. As the hyperbola becomes steeper further out, we could also use t

250

instead (still inside the data range), which would give on average 0.94 �. These numbers agree qualitatively
with the average deviation angle from a plane of 0.83 � found by [10]. The small angle of less than one degree
explains why accurate timing is required in order to measure the wavefront shapes.

In practice however, it appears to be di�cult to use wavefront timing by itself to determine (the distance
to) X

max

. This is due to the strong interdependency of the shower axis position and the exact shape of the
wavefront. While the wavefront shape remains hyperbolic when moving the shower axis location around,
the curvature near the axis as well as the slope further out change. Therefore it is best to combine timing
information with other information available on the shower. This information may come from the particle
detectors, or from the radio data in the form of the intensity pattern at ground level. It has already been
shown that the radio intensity pattern itself is highly sensitive to X

max

[21]. Combining this technique with

13

fit quality

Shape of Shower Front

A. Corstantje et al., Astropart. Phys. 61 (2015) 22



Figure 8: Angular di�erence between reconstructed shower axis direction for three wavefront shape as-
sumptions. Assuming a planar wavefront shape typically introduces an error in the direction of up to � 1 �,
when the shape is in fact hyperbolic (top plot). The di�erences in reconstructed direction between a conical
and hyperbolic wavefront shape are approximately a factor of ten smaller (bottom plot).
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when the shape is in fact hyperbolic (top plot). The di�erences in reconstructed direction between a conical
and hyperbolic wavefront shape are approximately a factor of ten smaller (bottom plot).
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ARENA 2012 – AERA Energy Calibration

Signal Strength and Polarisation

 total signal strength determined from Hilbert envelope

 direction of 3-dim. electric field is determined in FWHM
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ARENA 2012 – AERA Energy Calibration

Polarisation of Measured Cosmic Ray Signals

 event selection:

➔ ≥ 3 self-triggered stations

➔ zenith < 55°

➔ no events during thunderstorms

C. Glaser, ARENA (2012) Auger Engineering Radio Array
AERA
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ARENA 2012 – AERA Energy Calibration
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energy resolution 25%
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Figure 7.12: The energy as obtained from the full Monte-Carlo approach as a function of the parameter
A+ as obtained from fitting the same 50 air showers. Also indicated is a straight line fit to the data, with
results in a slope of 0.55± 0.11.

sensible value for the energy was obtainable. This was due to diverging values of the Molière
radius (rM < 1 or rM > 1000), meaning that no stable fitting solution could be found.

The nice agreement between the values obtained from the particle data directly and the full
Monte Carlo values, can now also help exploring the correlation of the full data-set. The best
fit to the data in figure 7.12 is also drawn in figures 7.9 and 7.10. It shows that stricter cuts on
the particle reconstruction might be necessary to obtain a good prediction quality.

Using the results from the full Monte Carlo approach only, one can again give an estimate
of the energy resolution of the A+ parameter as it is shown in figure 7.13. The distribution
results from varying the data 300 times within their uncertainties and calculating the remain-
ing residual. The distribution is non-Gaussian and a fit can only indicate an estimate. It is
especially interesting that there is a cluster at lower energies where the signal seems to be
overestimated. This might be caused by an inaccurate treatment of the noise for small pulses
or a threshold effect and has to be investigated further. Two fits to the distribution are shown.
One to the full distribution and one excluding the tail of the distribution. According to both
fits, the energy resolution is about 30% and contains the uncertainties of both methods.

As it was shown before, the A+ parameter also shows a dependence on the angle with the
magnetic field � and the distance to the shower maximum, mostly represented by the zenith
angle. In future studies, it should be investigated whether subdividing the set into bins of
zenith angles, can improve the prediction quality. For this more than 50 air showers or a more
sophisticated treatment of the particle data are needed.

7.4.3 Excursus: Finding the best energy estimator

Precisely determining the energy of a cosmic ray from the radio emission of its air shower
is one of the major open questions. In principle, the expected amplitude everywhere in the
pattern should scale linearly with the energy of the incoming particle due to the coherence of

Energy of air shower

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.
Both showers show a visible asymmetry and a circular, bean-shaped pattern.

4. General 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
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. 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 is chosen.

P (x0, y0) = A
+

· exp
✓
�[(x0 �X

+

)2 + (y0 � Y
+

)2]

�2

+

◆
�A� · exp

✓
�[(x0 �X�)2 + (y0 � Y�)2]

�2

�

◆
+O (2)

Here, P is the total power of the integrated radio signal, x0, y0 are the spatial coordinates, centered around
the position of the shower axis in the plane spanned by the vectors ~v ⇥ ~B and ~v ⇥ ~v ⇥ ~B. This function has
nine free parameters that need to be fitted. Those are the location parameters X

+

, X�, Y+

, Y�, the width
parameters �

+

,��, the o↵set parameter O and the two scaling parameters A
+

and A�, which are positive
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
distances to the shower axis, introduced by the thinning of the simulated air showers. The signal power does
therefore not reach zero, as it is expected from physical considerations. As it is an additional parameter to
the fit, which can introduce local minima, it can be left out, at the cost of an decreased fitting quality at the
outer edges of the grid. Depending on the noise situation and the required signal-to-noise ratio, it might be
necessary to reintroduce this parameter for measured data.
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7.5. Reconstruction of the distance to the shower maximum 129
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Figure 7.19: Comparison of the distance to the shower maximum as obtained from full Monte Carlo
simulations with the �+ as fitted from the parameterization. The red line indicates the prediction as
obtained from the full set of simulations (see figure 6.9).

values cannot be cross-checked against another experimental method. However, one can make
plausibility checks.

On the left side of figure 7.18, all values fitted for ⇥+ are plotted against the zenith angle of
the arrival direction. An increase with increasing zenith angle is visible. The increase follows
a 1/ cos(�) distribution, as it is expected from the distance to the shower maximum and its
dependence on the zenith angle. This relation was also obtained from simulations (see section
6.2) and is shown for comparison on the right side of figure 7.18. The visible spread is related
to the different values of the shower maximum at the same zenith angle. The spread on the
distribution of the data is therefore not an indication of a poor fit, but is likely to stem from the
variations in Xmax. Thus, the overall distribution seems plausible

When concentrating on the subset of air showers for which a full Monte Carlo simulation
was performed, the dependence of ⇥+ on the distance to the shower maximum can be checked.
The results are shown in figure 7.19. There is a clear correlation between both values. In fact,
the relation between them is almost exactly the relation as predicted from the study involving
only simulations (see figure 6.9). This relation obtained by the study on simulations is indi-
cated by the red line. It is used as the measurements span a small range of distances to Xmax

than the simulations and the need for a curved correlation is not obvious from these data.

⇥+ = �54.3 + 0.438 ·D(Xmax)� 0.00012 ·D(Xmax)
2 (7.15)

D(Xmax) = 230.0 + 0.91 · ⇥+ + 0.0080 · ⇥2
+ (7.16)

Using relation 7.16 that connects ⇥+ and Xmax one can derive the Xmax-resolution by
using ⇥+ as an indicator. In order to do so, the values of ⇥+ are varied 300 times within
their uncertainties and the corresponding values of the distance to the shower maximum is
calculated. From these values, the simulated distance to the shower maximum is subtracted,
after also this has been varied within its uncertainties. The resulting distribution is shown in
figure 7.20. The resulting distribution is not Gaussian, which is due to the long tails, which are

Particle type/mass
distance to Xmax

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.
Both showers show a visible asymmetry and a circular, bean-shaped pattern.

4. General 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
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. 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 is chosen.

P (x0, y0) = A
+

· exp
✓
�[(x0 �X

+

)2 + (y0 � Y
+

)2]

�2

+

◆
�A� · exp

✓
�[(x0 �X�)2 + (y0 � Y�)2]

�2

�

◆
+O (2)

Here, P is the total power of the integrated radio signal, x0, y0 are the spatial coordinates, centered around
the position of the shower axis in the plane spanned by the vectors ~v ⇥ ~B and ~v ⇥ ~v ⇥ ~B. This function has
nine free parameters that need to be fitted. Those are the location parameters X

+

, X�, Y+

, Y�, the width
parameters �

+

,��, the o↵set parameter O and the two scaling parameters A
+

and A�, which are positive
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
distances to the shower axis, introduced by the thinning of the simulated air showers. The signal power does
therefore not reach zero, as it is expected from physical considerations. As it is an additional parameter to
the fit, which can introduce local minima, it can be left out, at the cost of an decreased fitting quality at the
outer edges of the grid. Depending on the noise situation and the required signal-to-noise ratio, it might be
necessary to reintroduce this parameter for measured data.
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ID 86129434

zenith 31 deg
336 antennas
!2 / ndf = 1.02

• Full sample:
50 showers

• 200 - 450 antennas/event

• Fit qualities range from
0.9 - 2.6

• Radiation mechanism 
finally completely 
understood!

Full simulation of radio emission in air 
showers
Fit simultaneously to radio and particle 
measurements

Reconstruction of the depth of 
the shower maximum (Xmax)



Reconstruction of the depth of 
the shower maximum (Xmax)

Fe p

Longitudinal Shower Profiles with the Pierre Auger
Fluorescence Telescopes
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3D reconstruction

• For each measured shower:
Simulate many proton and iron 
showers

• Fit each simulation intensity 
pattern to the data

• Reconstruct depth of shower 
maximum: Xmax

• Uncertainty < 20 g/cm2 !!

S. Buitink



Precision measurements of radio emission 
from air showers

•lateral distribution - not rotational symmetric
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

Jörg R. Hörandel http://particle.astro.ru.nlRadboud University Nijmegen

stay tuned, several articles recently 
accepted and/or submitted

Auger Engineering Radio Array
AERA
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1. LOFAR - The low frequency array, A&A 556 (2013) A2
2. Detecting cosmic rays with the LOFAR radio telescope, 

A&A 560 (2013) A98
3. LORA: A scintillator array for LOFAR to measure extensive air showers, 

Nucl. Instr. & Meth. A 767 (2014) 339
4. The all-particle energy spectrum of cosmic rays measured with LORA, 

in preparation for Astropart. Phys.
5. A parameterization of the radio emission of air showers as predicted by 

CoREAS simulations and applied to LOFAR measurements, 
Astropart. Phys. 60 (2015) 13

6. Precision measurement of the shape of the lateral distribution of radio 
emission in air showers, almost submitted to JCAP

7. The shape of the radio wavefront of extensive air showers as measured 
with LOFAR, Astropart. Phys. 61 (2015) 22

8. Polarized radio emission from extensive air showers measured with 
LOFAR, JCAP in press, arXiv:1406.1355

9. Measuring a Cherenkov ring in the radio emission from air showers at 
110-190 MHz with LOFAR, submitted to Astropart. Phys.

10.A method for high-precision reconstruction of air shower Xmax using 
two-dimensional radio intensity profiles, PRD in press, arXiv:1408.7001



Further reading:

1. Antennas for the detection of radio emission pulses from cosmic-ray 
induced air showers at the Pierre Auger Observatory, 
JINST 7 (2012) P10011

2. Advanced functionality for radio analysis in the Offline software 
framework of the Pierre Auger Observatory, 
Nucl. Instr. & Meth. A 635 (2011) 92 

3. Probing the radio emission from air showers with polarization 
measurements, 
PRD 89 (2014) 052002

4. Energy correlation of the radio signal in air showers, in preparation

Auger Engineering Radio Array
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