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Abstract. Since its revival in the last decade, radio detection2 Radio emission mechanism
of cosmic ray air showers has made tremendous progress.
Today, several experiments are routinely detecting radio sigFrom the beginning of the radio detection adventure, there
nals associated with air showers. Large cosmic ray observawere controversial discussions on the emission mechanisms.
tories such as the Pierre Auger Observatory are also pursuingirst, coherent emission was proposetsKaryan 1962.
radio detection activities. Askaryan considered radio emission in presence of a charge
As an introduction, in this article we will summarize excess, due to annihilation of secondary positrons during the
the main results from the first generation of radio detec-air shower development. In addition, an alternative scenario
tion experiments: LOPES and CODALEMA. Then, we will based on the charge separation, induced during the shower
show which questions concerning the radio emission mechadevelopment by the geomagnetic field, was propoBedhi
nisms can be answered from larger-scale experiments like thand Lerche1965. Quite early, the latter model was already
Auger Engineering Radio Array (AERA), which is a 20km favoured by experimental observations. But since the ex-
antenna array under construction close to other enhancemeperiments came to a stop, the theoretical investigations of
devices at the Pierre Auger Observatory. these effects also ceased. Only recently, updated versions of
the geomagnetic emission mechanism have been developed,
either based on a microscopic model, summing the contri-
1 Introduction butions due to the acceleration of each particle during the
shower evolution Kluege and Falcke2005 Huege et al.
radio detection of atmospheric cosmic ray air showers ha®2007) or by a macroscopic description of the charge evo-
made significant progress in the last few years. The storyjution in the shower\(/erner and Scholter2008 de Vries
began 40years ago with the first detection of radio signalst al, 2010.
associated with cosmic ray air showers was publisBeliy,
1965.
However, due to technical limitations at that time, radio- 3 Small size experiments
detection projects faded out until the last decade, when sev-
eral small sized experiments showed that radio detection i$n recent years, the progress made on digital electronics has
now technically feasible. New projects under constructionfacilitated a rebirth of radio detection. Since 2004, radio de-
include a 10 to 20krarray at the Pierre Auger Observa- tection is conducted at the KASCADE site using LOFAR
tory, AERA. (LOFAR) prototype antennas, which became the LOPES ex-
periment LOPES Schroeder et 312011). At the Nancay
observatory, similar activities started, becoming the CO-
DALEMA experiment Codalema Both experiments pub-
lished their first radio signals in 200%&lcke et al. 2005
Ardouin et al, 2005, and are still taking data and evolving.
These experiments have proven the feasibility of radio de-

Correspondence tavl. Melissas tection for primary particles with an energy above'a&v
m (maximilien.melissas@kit.edu) and are now improving their instruments. LOPES has been
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Fig. 2. Angular distribution of events recorded by the CLF setup.
The geomagnetic field direction in Maldng is marked with the red

Fig. 1. Measured polarization anglmag Vs calculated polariza- dot

tion angle for a pure geomagnetic mogglthe dashed line being
émag=¢. This figure shows that the recorded data are compatible

with a geomagnetic mechanism. . . -
g 9 rays are measured in an environment with little human ac-

tivity, thus this is a natural location for a large-scale radio-
reconfigured recently and now includes measurements witt§l€tection experiment. Since 2006, radio detection tests at
tripole antennas in order to measure the full electric fieldAuger were conducted with small setups close to existing
vector Huege et al.2011). At CODALEMA, new devel- infrastructure, the balloon launching station (BLS) and the
opments include research and development (R&D) on opticentral laser facility (CLF). _
mizing the antenna. The low-noise environment at Nancay At the BLS, there is an externally triggered test-setup.
also provides the opportunity to perform self-triggering testsAmong all recorded events, 494 were in coincidence with

(Ravel et al,201)). the surface detector in 2007—2008. Of these events, 40 could
Both experiments have studied the influence of several pab€ reconstructed with an arrival direction within®26f that
rameters on the radio signal and have shown that : determined by the surface detector. In the case of a purely

geomagnetic emission mechanism, the signal should be lin-

— the amplitude of the radio signal scales linearly with the early polarized in the direction given by the cross product of

primary CR energy; the shower axis vector and the magnetic field. The predicted
polarization angledmag) is compared with the average po-
larization angle in the signal regiog)in Fig. 1. It clearly
shows that the recorded data are — to first order — consistent
— the amplitude of the radio signal depends on the anglewith a geomagnetic emission mechanisdtifoorlemmer et

between the shower axis and the direction of the geo-al., 2011).

magnetic field,; At the CLF, self-triggering tests have been conducted and
65 recorded events were associated with cosmic ray events.
The setup has proven the possibility of self-triggered radio
fneasurements. As in the BLS setup,the recorded events are
distributed with an incoming direction mainly opposed to the
geomagnetic field, which is consistent with a geomagnetic

— the amplitude of the radio signal drops exponentially
with the distance to the shower axis; and

These results prove the feasibility of radio detection with
modern instrumentation. Consequently, new projects ar
starting such as within Icecube / Icetdpoeser2011), or in
Tian Shan using a radio astronomy antenna afvégriineau-
Huynh et al, 2011). Unfortunately, small experiments like e -
’ ' - emission mechanism as shown by FAgRevenu et aj201
LOPES and CODALEMA run out of statistics above'§ev, y g 8201

: : . L The BLS also provides meteorological instrumentation,
making larger experiments necessary to improve statistics at . - .
high energies including an electric-field meter which can be used for thun-

derstorm detection. Five events with the highest signal-
to-noise ratio have been compared with the environmental
4 Large scale experiment at Auger electric field. It has been shown that 3 of 5 events have
been recorded during thunderstorms. These events are com-
The Pierre Auger Observatory southern siteider Coll; pared with simulations in Fig@ which shows that the events
Caruso et a).2011), located in Argentina, is the largest cos- recorded during thunderstorms show an amplitude signifi-
mic ray observatory worldwide. Ultra-high energy cosmic cantly higher than predicted by REAS3 simulations for a
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Fig. 3. Ratio between simulated and measured events, for event§9: 4- The measured cosmic ray spectrum. The color background
with an amplitude with signal to noise ratie 20, events recorded indicates the energy range of various experiments: at the lowest en-
during fair weather (in green) fit the simulation while events €9Y LOFAR; at energies above the knee (LOPES, CODALEMA);

recorded during thunderstorm (in orange) have stronger pulses. and athigh energies (AERA at the Pierre-Auger observatory).

UTM 19 South, (E = 448375.63 m, N = 6113924.83 m) as offset

quiet atmospherd_(dwig and Huegg2011ab). Similar be-
havior was also observed by the LOPES experimBuit{nk ; I ‘N
et al, 2007). This amplification is likely related to the ac- ‘ ! ‘
celeration of charged particles within the air shower by the ‘
atmospheric electric field, as predicted by CORSIKA and ; PO O
REAS simulationgBuitink et al, 2010).
The tests are based on small arrays of antennas per setup
and have still very low statistics, but they proved the possi- .
bility to do such detection within the Auger Observatory and ox rod *Of:ﬁ§ﬁ+gy;*fj* Aok xokia 4
gave the necessary input on the design of a larger array. ol ey vy ey T
Such a detector will address the following questions: ‘ !
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— What is the exact radio emission mechanism? ; iy Stations Stage 2
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To answer this question high statistics are necessary. ° ° ° iy e e 1 °
An advanced polarization analysis can be used to dis- =3 S S S S
criminate contributions of different emission mech- o
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anisms e.g. coherent Cerenkov, charge excess, and

. Easting [m]
geomagnetic.

— Can the radio technique improve cosmic ray measure-F'g' 5. Layout of AERA array, showing the 3 planned phases. For

: . . ... _stage |, the grid size of 150m; for stage Il, the grid size will be
:ztgein(;[i,fnd find the nature of cosmic ray in the transition.,- ; m: and for stage IIl, the grid size will be 350 m
Currently, the best estimate of the primary mass is given
by the fluorescence technique, but this technique is ef- . . .- .
fective only 10% of the time due to its limited duty cy- layed part of Fig4, with sufficient overlap between different

: . : L experiments.
cle, If radio detection can give a good estimation on the H ints h ided the desi f
primary mass with a better duty cycle it would be a clear ese _const(;gmts ave guided t 'I‘Iab esign o Almgl;r%r
improvement. According to theoritical models, such an EngineeringRadioArray (AERA). It will be a 10 to 20

estimate is possible by studying the lateral distribution @Y located at the site of the Pierre Auger Observatory.
of the radio signaliiuege et a].2008. AERA will consist of 161 antennas, deployed in three dif-

ferent grid sizes. The layout of the detector array is shown
A large scale radio detection experiment should ideallyin Fig. 5. At the time of writing, the first 21 stations are con-
have a common measurement range with current experinected and under commissioning.
ments, allowing for cross-checks. Thus it needs to be sen- The full AERA will provide around 3000 events between
sitive around 18’ eV. Consequently, the ideal energy range 0.1— 10 EeV per year. Moreover, the AERA site is built in
for a large scale experiment corresponds to the red under region where several other Auger enhancements are oper-
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ating. AMIGA includes an infill array of surface detectors Falcke, H. et al. (LOPES coll.): Detection and imaging of atmo-
which will reduce the energy threshold down tol1®eV, spheric radio flashes from cosmic ray air showers, Nature, 435,
and additional buried muon detectors also improve the mea- 313-316doi:10.1038/nature03612005. _
surement's quality. This extended region is located close tdiuege, T. and Falcke, H.: Radio emission from cosmic rays
the Coihueco fluorescence detector, which has also been up- & showers: simulation results and parametrization, Astropart.
graded with a low energy extension: HEAWéurer et al, ggé/; 24, 116-126¢d0i:10.1016/j.astropartphys.2005.05.008
2_01]). Thg reduced trigger threshold provided by the in- Huege, T., Ulrich, R. and Engel, R: Monte Carlo simu-
fill array will guarantee that most of the events recorded by

lations of geosynchrotron radio emission from CORSIKA-
AERA are also recorded by the surface array. simulated air showers, Astropart. Phys., 27, 392-405,

doi:10.1016/j.astropartphys.2007.01.02607.
Huege, T., Ulrich, R., and Engel, R.: Energy and composition sen-
sitivity of geosynchrotron radio emission from cosmic ray air

- . showers, Astropart. Phys., 30, 96-104, 2008.
Small arrays have demonstrated the feasibility of radio detecHuege, T. et al. (LOPES coll): The LOPES experiment re-

tion. This technique is now in transition between R&D and o results, status and perspectives, Nucl. Instrum. Meth. A,
physics. Among the new projects, we have focused on the oj:10.1016/j.nima.2010.11.08ih press, 2011.

Auger Engineering Radio Array, which is under construction Jelley, J. V., Fruin, J. H., Porter, N. A., Weekes, T. C., Smith, F. G,
and recording its first commissioning data. When completed, and Porter, R. A.: Radio Pulses from Extensive Cosmic-Ray Air
AERA will provide 3000 radio air shower events per year. Showers, Naturegoi:10.1038/205327a0965.

5 Conclusions

As a first step, it is being used to investigate radio-emissiorkahn, F. D. and Lerche, I. Radiation from Cosmic
mechanisms, and in a second step it will be used to explore Ray Air Showers, in: Proc. Roy. Soc., A, 289, 206,
cosmic ray physics around the ankle. doi:10.1098/rspa.1966.0007965.
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