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What are we looking for?
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•What causes the radio 
emission and what are the 
mechanisms?

•theoretical understanding
•signal characteristics
•comparison to simulations

•What can we contribute to 
cosmic ray and air shower 
physics?

•open questions
•experiments
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Radio Emission from Air Showers 
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• Electromagentic 
component in air shower 
creates radiation

• Coherent adding 
determined by shower front
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Radio Emission from Air Showers 
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Emisson arises from: 

•e+ and e- are accelerated in 
geomagnetic field 

•e+ and e- are generated and 
annihilated -> charge variation

•more e- than e+ in the shower

Emisson is affected by:

•Superposition of emission 

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

 Where are sites of acceleration?
 What particles are those cosmic rays?

 Radio Detectors might be an efficient alternative method of 
measurement:
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• Radio emission is sensitive to 
composition

• “traditional” methods: low duty-
cycle (11%) and expensive
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Measuring Cosmic Rays
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Auger Engineering 
Radio Array 

at Pierre Auger 
Observatory in 
Argentina

Radio Antennas

measure short 
duration pulses from 
air showers

Particle Detector

Auger 
Surface 
Detector

Radio Antenna

Coincidence of 
more than one 
detector type
= air shower
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Example Events
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•Coincidence of Surface Detectors and 
Radio Array

•Cross check, whether pulse is 
originating from cosmic ray

r [m]
200 400 600 800 1000 1200 1400 1600 1800 2000 2200

Si
gn

al
 [V

EM
]

1

10

210

Stage: 4.5
/Ndf: 14.9/ 62!

candidates
non-triggering
removed
 

Distance to radio shower axis [m]
50 100 150 200 250 300 350

V/
m

]
µ

A
m

pl
itu

de
 [

210

 Lateral distribution for polarization East

SD

RD

SD + RD



azimuth  [deg]

el
ev

at
io

n 
 [d

eg
]

0

10

20

30

40

50

60

5060708090100110120

]2slant depth [g/cm
400 500 600 700 800 900 1000 1100 1200

)]2
dE

/d
X 

[P
eV

/(g
/c

m

-0.4

-0.2

0

0.2

0.4

0.6

0.8

1

1.2 /Ndf=  123.6/1882!

x [km]
-28 -27.5 -27 -26.5 -26 -25.5 -25 -24.5 -24

y 
[k

m
]

13.5

14

14.5

15

15.5

16

16.5

17

17.5

Anna Nelles, Quantum Universe, QU3, 2013

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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Data from May 2011 - September 2012 •Geomagnetic effect is clearly visible

•effects of trigger and dead time not 
corrected for
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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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H. Schoorlemmer, Nijmegen

deviations

that the contribution from a cross correlation between the Xj and Yk samples can be ne-1

glected. From S1 and S2 the polarization angle for each recorded shower and at each RDS2

has been obtained using:3

φp =
1

2
tan−1

�
S2

S1

�
, (10)4

in which the relative sign of S1 and S2 should be taken into account. The polarization angle5

gives the orientation of the electric field with respect to east, and is positive towards north.6

The uncertainty on φp is given by7
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To assure good data quality for the registered time traces, only signals are considered that9

pass the following signal to noise cut10
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FIG. 9. The predicted polarization angle for pure geomagnetic emission, a = 0, versus the measured

polarization angle for the AERA data set.

In Fig. 9 the measured polarization angle is compared to the polarization angle expected12

from a pure geomagnetic emission mechanism (Eq. 3 with a = 0). The error bar on the13

measured φp is calculated from Eq. (11), while the error bar on the predicted φG is obtained14

from the propagation the uncertainties on −�v and �B in Eq.3. Note that this uncertainty is15

usually smaller than the size of the marker.16

Figure 9 shows that there is correlation coefficient of 0.889 between the predicted and17

measured polarization angle. This confirms the dominant contribution of the geomagnetic18
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FIG. 11. The predicted polarization angle using the combination of the two emission mechanisms

with a = 0.123, versus the measured polarization angle for the AERA data set.
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Measuring Cosmic Rays
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Auger Engineering 
Radio Array 

at Pierre Auger 
Observatory in 
Argentina

Radio Antennas

measure short 
duration pulses from 
air showers

Particle Detector

Auger 
Surface 
Detector

Radio Antenna

Coincidence of 
more than one 
detector type
= air shower
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Measuring Cosmic Rays
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LOFAR - Low 
frequency array 
in Drenthe, 
Netherlands

Antenna electronics 
identify pulse and 
trigger

Particle Detector

LORA

Radio Antenna

External trigger 
from LORA

Coincidence of 
more than one 
detector = air 
shower
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Location: LOFAR vs AERA
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• Northern Hemisphere: Netherlands

• ~ 5 m above sea-level

• mostly humid, ground can be swamped

• flat, rain, but not so many thunderstorms

• magnetic field direction north, 
pointing down (60˚), 48 000 nT

•  Comparison: LOFAR Radboud Air 
Shower Array

• Southern Hemisphere: Argentina

• ~ 1400 m above sea-level

• mostly dry, salty, sunny

• flat, many thunderstorms

• magnetic field direction (almost) north, 
pointing up (-40 ˚), 24 000 nT

• Comparison: Fluorescence and 
Surface Detector of the Pierre 
Auger Observatory
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Location: LOFAR vs AERA
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Auger Engineering Radio Array
AERA

Jörg R. Hörandel, Radboud University Nijmegen for

Auger Engineering Radio Array
Review, Malargüe, April 2009

1.Introduction

2.Physics case

3.Site layout

4.Antennas

5.Electronics

6.Communications

7.Power harvesting and EMC

8.DAQ

9.Risk analysis

10.Management

• Northern Hemisphere: Netherlands

• ~ 5 m above sea-level

• mostly humid, ground can be swamped

• flat, rain, but not so many thunderstorms

•magnetic field direction north, 
pointing down (60˚), 48 000 nT

•  Comparison: LOFAR Radboud Air 
Shower Array

• Southern Hemisphere: Argentina

• ~ 1400 m above sea-level

• mostly dry, salty, sunny

• flat, many thunderstorms

•magnetic field direction (almost) 
north, pointing up (-40 ˚), 24 000 nT

• Comparison: Fluorescence and 
Surface Detector of the Pierre Auger 
Observatory
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Cosmic Ray Data
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•all stations can be triggered

•measurement of “large events” 
possible

•effective area limited by 
particle detectors

•antenna density is higher at 
LOFAR, but information for 
cross-check weaker
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Sensitiviy to composition
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2 Simulations at low frequencies

The main motivation for the development of modern radio emission theory were
the pioneering experiments LOPES and CODALEMA working at frequency
ranges of tens of MHz. A lot of progress has been made in recent years in
the study of the air shower radio emission, and simulations have always been
a fundamental guideline for interpreting the measurements. One of the most
important goals for radio detection is to reliably reconstruct the energy and
mass of the primary cosmic rays. Figure 1 illustrates two important aspects
that such analyses have to take into account: First, the footprint of the radio
signal total field strength exhibits significant asymmetries. They result from
the well-understood superposition of the dominant geomagnetic and sub-leading
charge excess components of the radiation. In particular when fitting a lateral
distribution function to radio measurements, these asymmetries have to be taken
into account. Second, it becomes obvious immediately that there can be very
significant differences between the lateral distribution functions of radio signals
emitted by proton-induced air showers (deeper shower maximum) and iron-
induced air showers (shallower shower maximum). Naturally, shower-to-shower
fluctuations wash out these signatures, yet they can still be exploited in practice
(Huege et al., 2008; Palmieri et al., 2012).
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Figure 1: Footprints of the 40-80 MHz total field strength for vertical 1017 eV
air showers induced at the LOPES site by a proton (left) and an iron (right)
primary. Please note the different absolute scaling. Both the asymmetry of the
footprint and the systematically different slope of the lateral distribution caused
by the different depths of shower maximum are obvious.

The interaction of the geomagnetic and charge excess components of the
radio emission from a vertical air shower are illustrated in some more depth in
Figure 2. In the middle, the inner 100 m radius of the radio footprint are shown.
At the outside, scatter plots of the north-south component versus the east-west
component of the electric field vector as a function of time as observed at various
observer positions at 100 m radius illustrate the polarisation characteristics of
the radio signal. For observers in the east, the geomagnetic and charge excess
components superpose constructively, the resulting polarisation is purely linear
east-west. Similarly, for observers in the west, the two components interfere
destructively. This is the reason for the asymmetry already observed in Figure 1.
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the pioneering experiments LOPES and CODALEMA working at frequency
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Figure 1: Footprints of the 40-80 MHz total field strength for vertical 1017 eV
air showers induced at the LOPES site by a proton (left) and an iron (right)
primary. Please note the different absolute scaling. Both the asymmetry of the
footprint and the systematically different slope of the lateral distribution caused
by the different depths of shower maximum are obvious.

The interaction of the geomagnetic and charge excess components of the
radio emission from a vertical air shower are illustrated in some more depth in
Figure 2. In the middle, the inner 100 m radius of the radio footprint are shown.
At the outside, scatter plots of the north-south component versus the east-west
component of the electric field vector as a function of time as observed at various
observer positions at 100 m radius illustrate the polarisation characteristics of
the radio signal. For observers in the east, the geomagnetic and charge excess
components superpose constructively, the resulting polarisation is purely linear
east-west. Similarly, for observers in the west, the two components interfere
destructively. This is the reason for the asymmetry already observed in Figure 1.
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Full simulations of air shower

Huege et al
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Sensitiviy to composition
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Conclusions
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complementary, synergies
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17 Auger Engineering Radio Array
AERA

Jörg R. Hörandel, Radboud University Nijmegen for

Auger Engineering Radio Array
Review, Malargüe, April 2009

1.Introduction

2.Physics case

3.Site layout

4.Antennas

5.Electronics

6.Communications

7.Power harvesting and EMC

8.DAQ

9.Risk analysis

10.Management

• We will now uncover the details about radio emission from air showers

• and what we can learn from it about air showers


