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- outline -

® Radio emission from air showers
® CR detection of LOFAR

® First analysis results
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Cosmic Ray Composition
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Mass composition crucial to understand origin of cosmic rays Abraham et al. PRL 104 (2010) 091101

- composition = energy dependent; features in the spectrum (knee, ankle, cutoff)
- source correlation? deflection of CRs in magnetic fields

Auger/TA use Fluorescence Detection to measure Xmax (depth of shower maximum)
- duty cycle ~10%, 0 ~ 20 g/cm?

Radio Detection to measure Xmax:
-cheap detectors, duty cycle ~100%

Can we get the same precision as fluorescence detection?
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Radio emission from air showers

® Geomagnetic

electrons/positrons deflected
E -~ dnch/dt

® Charge excess
negative charge due to

electron knockouts
E ~ d(ne-np)/dt

* P.Schellart

® Cherenkov effects
ring structure possible

Coherent at 100 MHz
wavelength > shower front size
P~ n?
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radio emission: converging models

macroscopic:
time-dependent

microscopic: ‘
geosynchrotron +

. B g 1 current densities
endpoint’ radiation :
J -‘ E ~ dJ/dt ~ dN/dt
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Now available: CoREAS, ZHAireS, EVA, Selfas
all include geomagnetic, charge excess, cherenkov effects
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A
LOFAR !

low frequency array % ‘,
10 - 250 MHzZ

Epoch of Reionization
Radio Transients
Astroparticle Physics
Cosmic Magnetism
Surveys

Solar Physics
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LOFAR

24 core stations
remote stations
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SUPERTERP
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LBA:

96 / station

|0 - 80 MHz

5 ns time resolution
> GB buffer/antenna
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Reconstruction pipeline




|. LORA scintillators provide
trigger & shower reco

Median-average spectrum of all antennas, cleaned
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2. RFl cleaning using phase stability
of emitters
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Particle Detector & Radio Agree
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Geomagnetic
= dominant

25
-

Peak signal [a.u.]

o
T

P. Schellart
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Distance to Shower Axis [m]

5.Apply antenna model to get LDF
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Air Showers at 30 - 80 MHz

90°

Measurement with low-band
antennas

scintillator array used as
trigger, trigger threshold:
2.4 x 101 eV

triggers are accepted whenever
parallel observation allows

400+ cosmic ray events
detected

arrival directions: clear
north-south asymmetry

probability of a detected event to i
be from north: 0.69 +/- 0.02 700

A. Nelles
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Air Showers at 30 - 80 MHz

2 F Restricted set of high quality
s T L e events according to particle
;S-, - E+ _¢_+ data
3 0l - o most restricting factor: shower
SR S core inside the scintillator array
- (circle of 150m diameter)
— —0—0— . .
many more events in radio
e without reliable reconstruction of
E L | | A Nl particle data
15.5 16 : 16.5 17 17.5 |og(E1nsergy [ev']|)8.5 Energy Ca“bl'atiOn needed

Scintillator threshold
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Energy Calibration

Is there a preferred distance
with strongest dependency on
energy of cosmic ray ?

10?

Pick from every LOFAR event
the signal strength at a given
distance

correct for vxB angle

make correlation of corrected
signal and energy (or Ne)
compare those correlations for

Average Signal (corrected) [ADU]

Distance Bin: [60,70]

A. Nelles
1_|_ 1 1 | | IIII| | | | | I|||| | | | |

e_very_distance _ 10° 107 10° N
find distance with the best e
correlation Example correlation at distance of

use this distance for energy 60-70 m from shower axis

calibration

Still to include:
Zenith correction
Sub-Leading effects
Thunderstorm conditions
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® Woavefront curvature
nanosecond precision
(sub-sample!)

® mixed spherical/conical

® sensitive to Xmax
(analysis ongoing)

Stijn Buitink - TeVPA Irvine 2013
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Xmax measurement by fitting
lateral distribution

16




radio pattern

vxvxB vxXxvxB
—_ T
9 q 9v)(B e o 9VXB

™ !
vector sum of geomagnetic and charge excess component

relativistic beaming
distortion by Cherenkov-like effects (n+1)

CoREAS simulation
Stijn Buitink - TeVPA Irvine 2013
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Xmax ~ 600 g/lcm? Xmax ~ 650 g/lcm?  Xmax ~ 700 g/cm?

1.6

1.4+

1.2

1.0F

0.8}

_ LOFAR:
| 200 - 400 antennas/event

0.6 |
0.4}

0.2}

— fit full 2D pattern !

O'—0300 —200 —-100 0 100 200 300

o _ vx B
Stijn Buitink - TeVPA Irvine 2013
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LO RA (LOFAR Radboud Array)

S. Thoudam et al., ASTRA 7, 195 (2011)

triggers direction + CORSIKA +

energy estimate CoREAS

y Y
LOFAR| |
radio
— radio data battern
fit .

» particle data particle LDF

R - development
composition[— FECO Amax|< P

(Xmax, €tC.)

Stijn Buitink - TeVPA Irvine 2013
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simulations

e CORSIKA 6.990 QGSJETII + FLUKA
® COREAS V0.9 1 Huege eral alrc 1535, 128 (2013)

(xyz) antenna simulation X/Y dipole
(incl. 30-80 MHZz filt.)

Stijn Buitink - TeVPA Irvine 2013
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Fit for each simulation

Minimize ? of radio and particle data simultaneously

| ( ant — f rd sim (xant ‘|_ XoffsYant ‘|_ Yoff ) )
{ jantennas Gant

' : (ddet fp szm(xdet _I_xoff Ydet _|_y0ff) ) ”

4 f t parameters
core position
radio power scale factor
particle density scale factor

Stijn Buitink - TeVPA Irvine 2013
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best fit out of 40 simulations

ID 81409140

zenith 26 deg
2 ) /9 antennas
¥*/ ndf = 1.3

100

vx(vxB) (m)
o

—-100

—-200

Buitink et al., in prep
(2013)

—-200 —-100 0 100 200
vxB (m)

Stijn Buitink - TeVPA Irvine 2013
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best fit out of 40 simulations

Lateral distribution radio signal

1.2

e LOFAR data

m  CoREAS simulation

1.0}

o
o

o
o

total power (a.u.)

o
N
T

0.2

0.0

distance (m)

0 50 100 150 200

1D LDFs don’t fit !

Stijn Buitink - TeVPA Irvine 2013

particle density (m~?)

10*

107 |

10% |

LORA Idf after core optimization

R m  improved fit |]

e original fit

50 100 150 200 250 300
distance (m)

- core shifted by ~ 50m
- revised energy estimate
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Fit Quality after core optimization
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Errors

Procedure:

MC vs. MC

- single out 1 sim

- add noise

- reconstruct with other 39
sSims

- calculate error AX

repeat for all sims

construct region that contains
68% of AX

Ometh = 12.7 g/cm2
Oatm= 15 g/cm?
o =19.6 g/cm? 0

other systematic effects under investigation

Stijn Buitink - TeVPA Irvine 2013
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Delta X
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polarization
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Lateral distribution radio signal

Radiation profile in shower plane 1.2 : :
e LOFAR dat
| o CoREASii?nulation

ID 6324677 Hor L ‘
zenith 17.5 deg _os
|90 antennas 5.

2/ ndf = 1.3 [
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0.0 . , l “‘Q'm

0 50 100 150 200 250
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Fit Quality after core optimization
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ID 81147431

zenith 55 deg

419 antennas
2/ ndf == 1.1

Cherenkov ring

0 -200 0
vxB (m)

Stijn Buitink - TeVPA Irvine 2013
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Conclusions

® We understand air shower radio emission
- CoOREAS sim 1n agreement with 300+ data point events!
- geomagnetic, charge excess & Cherenkov observed
- absolute power not yet available...

® We can measure Xmax
- accurate reconstruction based on COREAS sim
- 0 ~ 20 g/cm?
- coming: iIndependent analysis using wavefront shape
- radio has duty cycle of near 100%

® kuture

- LOFAR composition energy range 1017 - 1018> eV
- AERA (Auger) cross-check with FD and composition at
highest energies

research funded by ERC Advanced Grant (H. Falcke) & NWO Veni Grant (S. Buitink)
Stijn Buitink - TeVPA Irvine 2013
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