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Radio Emission in Air Showers cosmic ray (g5,
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Radio Detectors

to measure properties of cosmic rays
- direction
- energy

- mass/type of particle
with ~100% duty cycle
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Large-scale radio detectors
to measure extensive air showers

RERA

S
&

Tunka-Rex o 1,
(25) R A A Auger Engineering Radio Array
- v A A v‘ -
— A AAA &
25— ‘AA v A OPES A ‘
— v A AA h"' (3D) A A A ‘
2__ A A A A A
[ v
— A A A A A A A “‘ ‘ J
1.5 — ‘
— A A A A A A A A A o ﬁ Qe
— A A A A A A A ' '
11— » A A A A A A
— A A A A A,A 4 2
— A A A A A A A:A:A:A A A A A ‘
05—, . 4 4 4 4 4 a4 A:A:AAA A A [
[ A A A A A A A A A:A:A A A ‘ ‘
0:—A A A A A A A A A A A A A A a A
= | 124 (150) antennas >2000 antennas
o 1 2 3 a4 5 & 7 8

East [km]



each (dutch) station:
96 low-band antennas 30- 80 MHz
high-band antennas (2x24 tiles) 120-240 MHz
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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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Objective:
* measure radio emission from EAS in frequency range
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Soe . p Nl L, Sl o operation together with infillTHEAT/AMIGA
1 » three antenna spacings to cover efficiently
17.2<Ig E/eV <19.0
* measure composition of cosmic rays in energy region
of transition from galactic to extragalactic cosmic rays

~6 km?2 124 stations
since May 2013
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An air shower measured simultaneously with ...

the Fluorescence Telescopes the Surface Detectors

longitudinal shower profile footprint
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Signal [ iuvwim]

An air shower measured simultaneously with ...

the Radio Detectors the Surface Detectors
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SD [VEM] and MD [p/m?]

An air shower measured simultaneously with ...

the Surface Detectors

the Muon Detectors

lateral shower profile
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Arrival direction

of showers with strong
B e radio signal

north-south asymmetry
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Polarization of the radio signal &ER&
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Polarization footprint
of an individual air shower

----------------------------------
100y ]
s l’ 4
—_— T
| — -
sof = =F
= IF
— - —'V-’—V
B TFT ST
1 ! -
T;( | “*“ ‘:—’ _»*—»
X N S |
5 e ~ — *%»
1 i s\* < > T
b.O S e
= | - R T
< —100F 2> = .
3 RS =
] B ~h ~n —
geomagnetic Askaryan £ _—150F ~SN= .~ N
n | SR ey
s — \\
N N i ‘\\ :N;\
- | - - ~
- |
G | e NoG—@—a— 4400 N ]

v e w ¢ 2500-150-100 =50 0 50 100 15

Distance along €.z [m]

N\
. s g\\ JCAP in press, arXiv:1406.1355




Charge excess fraction
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Lateral distribution of radio signals
as measured by LOFAR
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Lateral distribution of radio signals

as measured by LOFAR
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Lateral distribution of radio signals
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Lateral distribution of radio signals

not rotational symmetric

fit two Gaussian functions
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LBA 10-90 MHz

Simulations & Measurements

zenith angle 31°
336 antennas~—
x2/ ndf =1.02




Relativistic time comp




Radio emission at 120 - 240 MHz

* 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

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

110 - 190 MHz
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Shape of the Shower Front
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Shape of Shower Front

Hyperbolic ©=1.98

fit quality
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Accuracy of Shower Direction
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AERA: direction of E field vector

total signal strength

N

E-field

.........

_||III|III|III|II-

- L]
aattFey, .
’, L]
o K H
K ., .
s 3 H
s KA '
3 % '
.

;
s Y
H

3

—— east-west
—— north-south
—— vertical

............. hilbert envelope

N
[02)
o

PIERRE
AUGER
-EEX
E ot
6«“60\
; \é>
<
-EEy
\J

RERA

Auger Engineering Radio Array




AERA: direction of E field vector

= event selection:
> > 3 self-triggered stations
> zenith < 55°
> no events during thunderstorms
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AERA: measured vs. expected values

= electric field is strongly polarised
90°

= geomagnetic emission is dominant
> correct electric field amplitude for
iIncoming direction
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AERA: energy correlation
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Energy of air shower
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Distribution of R __ vs X__ for experimental data and MC
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Particle type/mass
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Reconstruction of the depth of
the shower maximum (Xmax)

ID 86129434

Full simulation of radio emission in air

showers
Fit simultaneously to
measurements '

zenith 31 deg
336 antennas
v2/ ndf = 1.02

radio and particle

Full sample:
50 showers

200 - 450 antennas/event

Fit qualities range from
09-26

Radiation mechanism
finally completely
understood!




Reconstruction of the depth of
the shower maximum (Xmax)

e For each measured shower:

18

proton

iron

161
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x>/ ndf

N
T

Simulate many proton and iron
showers

¢ Fit each simulation intensity
pattern to the data

e Reconstruct depth of shower
maximum: Xmax

e Uncertainty <20 g/cmz2 !!
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Precision measurements of radio emission
from air showers Q
&

elateral distribution - not rotational symmetric /%ER \
parametrization with two Gaussian functions /aie engnering radio aray
*Cherenkov ring in 120 - 240 MHz band
*shape of radio wavefront --> hyperboloid
epolarization --> emission processes (charge excess
fraction) ; -
eproperties of cosmic rays from radio data +
- direction
- energy
- particle type/mass

o V29

Flux d®/dE, - E, > [m
3
J

10> 10*  10° 10®° 10" 10® 10° 10" 10"
Energy E, [GeV]

N> stay tuned, several articles recently
.'E F accepted and/or submitted
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Jorg R. Horandel Radboud University Nijmegen http://particle.astroﬁyferﬁ.nl
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Further reading: & S b\ By

1.
2.

LOFAR - The low frequency array, A&A 556 (2013) A2

Detecting cosmic rays with the LOFAR radio telescope,
A&A 560 (2013) A98

LORA: A scintillator array for LOFAR to measure extensive air showers,
Nucl. Instr. & Meth. A 767 (2014) 339

The all-particle energy spectrum of cosmic rays measured with LORA,
in preparation for Astropart. Phys.

. A parameterization of the radio emission of air showers as predicted by

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

. Precision measurement of the shape of the lateral distribution of radio

emission in air showers, almost submitted to JCAP

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

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

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
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Further reading: AUGER
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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



