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What are we looking for?
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•What can measuring the 
radio emission contribute to 
cosmic ray physics?

•What causes the radio 
emission and what are the 
physics processes?

•theoretical understanding
•signal characteristics

•How is this measured at the 
Pierre Auger Observatory?

•set-up 
•recent results
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Radio Emission from Air Showers 
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• Electromagnetic 
component in air shower 
creates radiation

• Coherent addition and 
constructive interference 
determined by shower front
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Radio Emission from Air Showers 

4

coherent
E-Field

+
+

+

-
__ __

Geomagnetic 
Field

Shower Front

Radio pulses

Electromagnetic component 
responsible for radio emission

Emission arises from: 

•e+ and e- are accelerated in 
geomagnetic field 
(geomagnetic effect)

•more e- than e+ in the shower 
(charge excess)

Emission is affected by:

•Superposition of emission 

•Cherenkov effects

Askaryan (1962), Kahn & Lerche (1966), 
Allan (1971), Falcke & Gorham (2003), ...



Anna Nelles for the Pierre Auger Collaboration, 2013

Why Radio Emission?
 Big questions about cosmic rays of the highest energies:

 Where are the sites of acceleration?
 What type of particles are these cosmic rays?

 Radio Detectors are an efficient alternative method:

5
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• Radio emission is sensitive to 
composition 

• “traditional” methods (e.g. 
fluorescence or Cherenkov 
light): low duty-cycle (12-15%) 
and weather dependent
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• Radio emission is sensitive to 
composition 

• “traditional” methods (e.g. 
fluorescence or Cherenkov 
light): low duty-cycle (12-15%) 
and weather dependent

p Fe

Xmax

p

Stijn Buitink - ICRC 2013

Preli
mina
ry

Buitink et al., in prep 
(2013)

Xmax = 637 ± 20 g/cm2

!2 / ndf = 1.3
279 antennas

LOFAR: Single event Xmax resolution
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The Pierre Auger Observatory
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Baseline Detectors:

•27 Fluorescence Telescopes

•measuring UV emission in 
cloudless and moonless nights

• calorimetric measurement of air 
showers

• sensitive to shower development

• 1600 Water-Cherenkov Detectors

•  ~100% duty-cycle
•  snap-shot of shower development 

at ground level
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Measuring the Radio Emission
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Auger Engineering 
Radio Array (AERA)

at Pierre Auger 
Observatory in Argentina

Particle Detector

Auger 
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Measuring the Radio Emission

7

Auger Engineering 
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AERA II, 250 m
AERA I Fluorescence Telescope (FD)

Surface Detectors (SD)
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AERA II, 375 m

The Auger Engineering Radio Array
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The Auger Engineering Radio Array
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AERA II: Butterfly antenna
AERA I: Logarithmic-periodic 
dipole antenna LPDA

•Different versions of 
hardware are tested 
(30-80 MHz)

•Optimized: 
Filters, LNA, antenna, 
mechanics, RFI 
behaviour

•Fully autonomous stations with low power consumption (~ 12 W)
•Continuos optimization for different detection schemes:

•self-trigger
•external-trigger on particle data

•All hardware effects are measured and corrected for in data analysis
•Database system to keep track of engineering changes
•Final data product is independent of characteristics of set-up
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Monitoring: Radio Environment
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•New detection technique needs continuos monitoring
•Automated tool implemented to monitor recorded data
•Example: background spectrum

Data loss, trigger rate is too high 
= fixed

Radio interference from nearby town 
= removed in data analysis

Moments with strong 
interference, reduces sensitivity 
= has to be taken into account 
for up-time calculation

Fluctuation of background due to galaxy 
= can be used for calibration
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Example Events
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•Coincidence of Surface Detectors and Radio Array

•Surface Detector information is used as cross check whether pulse is 
originating from cosmic ray (agreement of direction)

SD + RD

AERA IIAERA I

RD + SD (reconstruction not shown)
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Example Events
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Super Hybrid Event

measured also in Fluorescence 
Detector

Energy(FD) = (3.09 +/- 0.12) 1017 eV

Energy(SD) = (2.77 +/- 0.36) 1017  eV

SD + RD FD

FD
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Radio Events
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AERA I 
Data from May 2011 - April 2013 •Geomagnetic effect is clearly visible

•Effects of trigger and dead time not 
corrected for, i.e. not a spectrum

Direction of magentic field at Auger
Events detected in radio (self + ext. trig) 
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Emission mechanisms
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6.2 Polarization signature of charge-excess radiation
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Figure 6.6: The φ�
p as a function of the φ�

obs, The combined data set consists
of data where the monitoring system did gave an indication that there was
no thunderstorm. In addition, the restriction is made that the antenna
orientation was measured.

from the RDS on ground to the shower axis, σX and σY are the uncertainties
on the position of the shower axis as given by the SD-reconstruction. To
clarify the pattern, a weighted average is calculated using bins of 20◦ in
φ�

obs. The weight of an individual point is calculated as 1/(σ2
φ�

obs
+σ2

φ�
p
). To

the unbinned data, a simple function φ�
p = A sin(φ�

obs) is fit. Although the
high χ2/d of this fit indicates that the fit function is not appropriate for
this data, it still results in a significant amplitude indicating an oscillation
as a function of φ�

obs.
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The Pierre Auger Collaboration, ICRC 2013
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Simulations of radio emission
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F.G. Schröder et al. Radio detection with AERA
33RD INTERNATIONAL COSMIC RAY CONFERENCE, RIO DE JANEIRO 2013
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Figure 4: Comparison of the radio lateral distribution of the event shown in figure 3 with simulations of two different codes.
CoREAS [12] (left) and ZHAires [13] (right) simulations for a proton and an iron nucleus as primary particle, where the
bands indicate systematic uncertainties due to the uncertainties of the input parameters for the simulations and due to
shower-to-shower fluctuations (strength of geomagnetic field used in simulations: B = 23µT).
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Figure 3: Footprint of measured AERA event triggered by
the Auger surface detector; each colored cross represents
an AERA station with data. The size of the bars represents
the amplitude of the radio signal in the north-south and
east-west polarization and the color code the arrival time;
the circles are the Auger surface detectors in the area of
AERA24 where the line indicates the arrival direction and
the core of the shower determined with the surface array.

effectively filter the background during our data analysis, at
the moment we still rely on the coincident surface detector
measurements to distinguish real air-shower events from
background. Thus, the number of detected events depends
strongly on the quality criteria in use, e.g., if one requires a
strong radio signal in just one antenna, the event rate is an
order of magnitude higher than for high-quality events with
a significant signal in at least three antennas and a direction
reconstruction which coincides within 20◦ of the direction
measured by the surface detector array.

By 27 February 2013, AERA had measured 356 of these
high quality events and, for a few of these events, we also

have measurements from the fluorescence detector or the
muon counters. 229 events have been triggered by the sur-
face detector. 98 events have been self-triggered, and later
assigned to the associated surface detector measurement,
and 29 events have at least three self-triggered and three
externally triggered stations. However, it is difficult to com-
pare the event rates and efficiencies for both triggers from
these data, because the exact configuration of AERA24
changed several times. Thus, there are different periods in
the data sets for the self-trigger and the external trigger,
and also the number of stations equipped with either trigger
changed during time. Nevertheless, the number of events
indicates the statistics currently available for physics analy-
ses, and gives a lower limit to the event rate which can be
expected for the future.

The mean angular deviation between the direction re-
constructed with AERA and the surface detector array is
approximately 4◦. We expect that this number will decrease
in future by improving the reconstruction algorithms and
the time calibration. The mean energy as reconstructed by
the surface detector is in the order of 1EeV, where some
events have an energy below 0.1EeV. Figure 3 shows one
example event with an energy of 4.3EeV, and a zenith angle
of 58.4◦.

We analyzed AERA measurements in different ways,
and compared them to recent simulation codes for the radio
emission from air-showers (figure 4). For this purpose, we
chose AERA events containing a large number of antennas
with significant signals. For these events we performed air-
shower simulations based on the reconstruction parameters
of the surface detector, and calculated the radio emission
with different codes, e.g., CoREAS [12], ZHAires [13],
EVA [15], and SELFAS [14].

So far we have found no contradiction to the following
general picture of the origin of the radio emission. The
dominant emission process is the geomagnetic deflection
of the electrons and positrons in the air shower [18, 19].
The radio emission by the Askaryan effect [20, 6], i.e. the
variation of the net charge excess, is for air showers an
order of magnitude weaker than the geomagnetic effect, but
not negligible. Both processes are affected by the refractive
index of the air which changes the coherence conditions

•Theories describing the emission processes are converging 
•Simulations are essential tool for the study of the dependencies on 

shower parameters such as Xmax
•Several models available and can be tested with the data

AERA event compared to two different radio simulations

The Pierre Auger Collaboration, ICRC 2013
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Conclusions
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•Auger Engineering Array is testing radio-
emissions of air showers at very high 
energies

•Excellent possibilities of 
cross-calibration with baseline detectors 
of Pierre Auger Observatory

•124 stations currently deployed on 6 km2

•New array will significantly 
increase event statistics (x 6)

•First physics publications are 
underway

•Simulations nicely describe the 
data


