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- Particle physics with a radio telescope?
- Working with data from the Buffer Boards
- Analysis techniques for timeseries data

- Introduction to LOFAR cosmic-ray analysis
...and some other cool stuff!
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Particle acceleration In
astropnhysical shocks

gamma rays

source

neutrinos

COSMIC rays

®
l. I \’OLP’Q,

Earth’s atmosphere

supernovae,AGNs, GRBs, ...



Cosmic energy scale

Detected: AGNE
Cosmic rays up to 1020 gV Rt
Neutrinos at 1014 -101° eV

Gamma rays up to 101 eV

Supernovae GRBJ ‘

LHC

1010 eV 1012 eV 101> eV 1020 eV



Cosmic-ray air showers

cosmic rays

I Air Showers: Cascades of secondary particles
i hadrons, muons, electrons, positrons, photons, etc.
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deflection of electrons/positrons in magnetic field
transverse current produces radiation

ultra short pulse (10-100 ns) can be
detected with radio antennas

.'F.




Alr showers detection with LOFAR

Goal:

understand origin of CRs
around 1077 eV
disentangle Galactic &
extragalactic component

Challenge:

ultra-short signals (10-100 ns
random arrival time & direction
complicated radiation mechanism




Transient Buffer Boards (TBBs)

Low Band Antenna
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To correlator
Station Cabinet in Groningen

High Band Antenna

raw LOFAR data can be accessed via TBBs

5 seconds of data stored on ring buffer for each active antenna
- raw timeseries data or sub-band data
- 12 bit



Reading out 1BBS

. , E200~ LORA (Scintillator)
Trigger strategies ol High-Band
100— Low-Band
« Manual trigger of-
. -100:—
* External trigger ;
200
e |Local station trigger ;
300500

» Central trigger

LOFAR Radboud Array (LORA)
external cosmic-ray trigger



Calibration |

 [ime scale too short to
calibrate on single source

 Noise dominated by
galactic background

e Noise curve measured for
specific reference
antenna

e All antennas are
calibrated relative to
reference antenna
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3. Reference antenna on crane
Absolute gain, antenna pattern, bandpass in progress



The antenna model

180°

270°

Jones Matrix

simulated with WIPL-D package
complex response to incoming wave
depends on direction, polarisation, frequency



Log-Spectral Power [ADU]

Cleaning RFI

0 s Median-average spectrum of all antennas, cleaned
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Average of multiple block FFTs
e.qg. 216 samples/block = 33 ms = 3 kHz resolution
multiple blocks to reduce noise

line identification:
- polynomial fit to baseline
- phase stabillity



Amplitude (ADU)
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Pulse finding

|
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Hilbert Envelope

Hilbert transform

Envelope
A1) = /x2(0) + £2(0).




AZEL Latitude

Pulse arrival direction
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Beamforming

very sensitive
many local minima (side-lobes)

Position of Event during DirectiongF(i)t;ing (Spherical C|®@® LORA | up)
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Plane wave fit (using pulse arrival time)

less sensitive
more stable



Pulse polarization
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Air shower detection with LOFAR

§2°°T LORA (Scintillator)
- High-Band
100— Low-Band
ol
100
200
LORA .
LOFAR Radboud Array . 71 Y S T BT S S S
scintillator detectors tri gge r 200 1100 ° 100 200 io[om]
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Pim Schellart et al, A&A 560, 98 (2013)



superterp

event display

antennas grouped
in rings
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Arrival time in shower plane [ns]

At/o

Nanosecond timing precision
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' radio wavefront = hyperbolic I
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Arthur Corstanje et al., Astropart. Phys. 61 22 (2015)



vXVxB Understanding the polarization
PRIMARY sy

eomagnetic
g g 100 I T T T T
—_ — > 501::;';; ud
v X = F
E— - > — "‘;—-;i_: —>
9 T>©< $‘$\‘ —_— 4—*-::»
X = :: "“E_:’m
<qug _50_ \§ :::; - *::»
= ‘::‘:S\“ -
o S N ~ >
= -100f &3 =
vxvxB : =T = _=
& A NERa \§\\;\
charge excess a >~ =3
N S
i S I ]
“«— 0 — 20 N
vxB

—23000-150-100 =50 0 50 100 150
i Distance along e;. 5 [m]

Interference: emission pattern = asymmetric Pim Schellart et al., JCAP 10 14 (2014)
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ID 98345942 LR
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CR mass composition

proton penetrate deeper than iron nuclel

18

@ proton 'Y

m  iron
16f o ‘ e Inits first years of operation
g LOFAR has “solved” the radiation
mechanism
[
12
° « Now: astrophysics!
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" °  (Comparison to simulation gives

mass composition of CR flux

 (Changes in mass as a function of
energy hint at different source
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X, (g/cm?) e Searching for the transition

= P Galactic/extragalactic sources



What else can we see...”

1200
1000

800

400

b R S
L 10000 15000 20000 5 O 3

700

600
500 |
400
300 |
200

. ' . ‘ RS106

0 5000 10000 15000 20000

800

700

600

500

400

300

200

100

L

5000 10000 15000 20000 C S O O 2



2.965¢—-06 s 4.285¢-06 s

J2000 Declination
uonopulicaqg oooer
J2000 Declination
uonpulocad gooer

00"
J2000 Right Ascension

00"
J2000 Right Ascension

P

0002
000¢

) Declination
00 Declination

A
J

)20
2)
)

|2¢

uonoulizag Q0oer

uoIpuUI23(Q
ualipul|dos

J

ooh 1 h ooh

J2000 Right Ascension Prpapn . .
J2000 Right Ascens J2000 Right Ascension




! T T !
19.juni, 2013 00:(:)0.24:00 UT :

c) 2013, qu Kllmaetﬂaiaeft-ﬂdgg g;;a

50 100 150 200
X-coordinaat (km)

Trigger: manual

-
o000 0FS

300

00:00 -01:00 UT
01:00 -02:00 UT
02:00 -03:00 UT
03:00 -04:00 UT
04:00 -05:00 UT
05:00 -06:00 UT
06:00 -07:00 UT
07:00 -08:00 UT
08:00 -09:00 UT
09:00 -10:00 UT
10:00 -11:00 UT
11:00 -12:00 UT
12:00 -13:00 UT
13:00 -14:00 UT
14:00 -15:00 UT
15:00 -16:00 UT
16:00 -17:00 UT
17:00 -18:00 UT
18:00 -19:00 UT
19:00 -20:00 UT
20:00 -21:00 UT
21:00 -22:00 UT
22:00 -23:00 UT
23:00 -24:00 UT

S
—

Langeoog
Baltrum L

Forderney N

¢ S Domum
) ol \
Borkum

Esens

Norden Westerholt

e
»

Upgant-Schott
Au rlch

L4

Unthmzen & Hin Riepe Mttt roBefe

'- puk- Rl

2, -,’. Rysum
e _.'ﬁ_" Emden Baghatd
LOP/ pesum_-Delfzijll | &7

c€ Neermoar_

»

Woldéndorp Dollagt

ngen
2]
aren

2 idlaren

Leer (O?tfn"esland)

Slochteren

f nsterwolde

N\

Wil schoten

Hoogezand

Veend. m

N uwe Pe ‘ela

Stadskawaal _ b
( Mus¢ u< aal. 205

Schoonoot 1
N381

Ségel

S, V\/.Ffi.eswijk, S.ter Veen

future: local station trigger?



1020 - 10” eV: Moon = 107 km? detector area

best sensitivity now: : St oo :
Buitink et al. A&A 521, 47(2010) radio flash

ns scale!
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NuMoon: New Observation Mode

best limit @ WSRT
offline analysis

new challenge:

real-time analysis!

signal synthesis

n
trigger decision
+
communication

within 5 seconds




TBBs & you ?

Transient Buffer Boards (TBBs) store 5 seconds of

raw timeseries data

Many triggering strategies possible

Full-sky-all-the-time when running in background

Cosmic rays, neutrinos from the Moon, lightning,

fast radio bursts, ...

Thanks for your attention!



