Astroparticle Physics

Lectures:
05.02.2019 1. Historical introduction, basic properties of cosmic rays

07.02.2019 2. Hadronic interactions and accelerator data
19.02.2019 3. Cascade equations

21.02.2019 4. Electromagnetic cascades

26.02.2019 5. Extensive air showers

28.02.2019 6. Detectors for extensive air showers

09.04.2019 7. High energy cosmic rays and the knee in the energy spectrum of cosmic rays
16.04.2019 8. Radio detection of extensive air showers

23.04.2019 9. Acceleration, astrophysical accelerators and beam dumps

07.05.2019 10. Extragalactic propagation of cosmic rays

14.05.2019 11. Ultra high energy cosmic rays

21.05.2019 12. Astrophysical gamma rays and neutrinos

28.05.2019 13. Neutrino astronomy

04.06.2019 14. Gamma-ray astronomy

http://particle.astro.ru.nl/goto.html?astropart1819
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First radio detection of air showers 1965
Blackett’s Field ~1967

Porter MSc
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Jelley et al Nature 1965
R. A. Porter MSc Thesis 1967
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Haverah Park (Leeds) Allan 1971
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3IRD INTERNATIONAL COSMIC RAY CONFERENCE, RIO DE JANEIRO 2013
THE ASTROPARTICLE PHYSICS CONFERENCE

The renaissance of radio detection of cosmic rays
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Figure 1: Number of contributions related to radio detection of cosmic rays or neutrinos to the ICRCs since 1965. The field
has grown very impressively since the madern activities started around 2003. Data up to 2007 were taken from [11].
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Radio Detectors




Radio detection of extensive air showers
around the world
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core
23 stations ~5 km?

International LOFAR Telescope (ILT)
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LORA Superterp:
LOFAR Radboud Array - Hiameter ~ 300 m
scintillator detectors * 20 LORA detectors
B - |* 6 LBA stations
(= 6 x 48 antennas)
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around superterp
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sz@ Auger Engineering Radio Array
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PIERRE Auger Engineering Radio Array
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A measured air shower
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LOFAR Signal Chain &
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receiver unit
amplification
+
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K. Mulrey, ARENA 2018



Calibration Results &

C?(v) = A(V)Lecoax (V) Grcu (v)S
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» Galaxy model now limits systematic
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* Uncertainties from electronic noise are

found by comparing resulting calibration
constants for different antennas

K. Mulrey, ARENA 2018
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/éER%\ Timing calibration
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Radiation Processes

‘I think you should be more explicit herc in sicp two .’



Radio Emission in Air Showers

«>» Mainly: Charge separation
in geomagnetic field
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Main Geomagnetic Field Total Intensity with contour intervals of 1000 nT developed by NOAANGDC & CIRES Map reviewed by NGA and BGS added on underlying map by Frank G. Schroder
according to US/UK World Magnetic Model - Epoch 2015.0 hitp://ngdc.noaa. govigeomag/ WMM Published December 2014 Karlsruhe Institute of Technology (KIT), Germany
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Arrival direction of showers with strong radio

signals

north-south asymmetry
v X B effect
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Arrival direction of showers with strong radio

signals

north-south asymmetry
v X B effect
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Geomagnetic effect

T. Huege / Physics Reports 620 (2016) 1-52
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Fig.4. Radio pulses (top) arising from the time-variation of the geomagnetically induced transverse currents in a 10'7 eV air shower as observed at various
observer distances from the shower axis and their corresponding frequency spectra (bottom). Refractive index effects are not included.
Source: Adapted from [18].
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Radio Emission in Air Showers

«» Mainly: Charge separation
in geomagnetic field
FxvxB

Theory predicts additional
mechanisms:

excess of electrons in
shower:
charge excess

superposition of emission
due to Cherenkov effects
in atmosphere
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geomagnetic

Polarization footprint
of an individual air shower
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Charge excess fraction

Jorg R. Hoérandel, APP 2018/19
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Charge excess fraction
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Lateral distribution of radio signals
not rotationally symmetric —> fit two Gaussian functions
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Properties of incoming
cosmic ray

- direction
- enerqgy

- type
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Shape of Shower Front
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Shape of Shower Front
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Accuracy of Shower Direction
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Energy of primary particle
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Measurement of the Radiation Energy in the Radio Signal of Extensive Air
Showers as a Universal Estimator of Cosmic-Ray Energy
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Measurement of the Radiation Energy in the Radio Signal of Extensive Air
Showers as a Universal Estimator of Cosmic-Ray Energy
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Energy Estimation of Cosmic Rays with the Engineering
Radio Array of the Pierre Auger Observatory

E30-50 MHz = 15.8 MeV @ 1018 eV
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Cosmic-ray energy (Cherenkov) vs radio signal
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Fig. 3. Correlation of the energy measured with the air-Cherenkov array and an energy estimator based on
the radio amplitude at 100 m measured with Tunka-Rex. The line indicates a linear correlation.
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Properties of primary particle
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Position along v x (v x B) axis (m)

Measurement of particle mass
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Depth of the shower maximum
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Alarge light-mass component of cosmic rays at
1017-1017:5 electronvolts from radio observations
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Cosmic rays are the highest-energy particles found in nature.

energies
0f 107-10" eleumnvous are essential to unde:slandmg whether
they been proposed

|ha| the astrophysical neutrino signal' comes from accelerators
capable of producing cosmic rays of these energies?. Cosmic
rays initiate air showers—cascades of secondary particles in the
atmosphere—and their masses can be inferred from measurements
of the atmospheric depth of the shower maximum?® (Xax; the depth
of the air shower when it contains the most particles) or of the
composition of shower particles reaching the ground". Current
have either high oralow duty ¢ycle

and a high energy threshold. Radio detection of cosmic rays®
arapidly developing technique’ for determining Xqy (refs 10, u)
withaduty¢ cycle of, in principle, nearly 100 per cent. The radiation
d positrons
h, in the shower
from“ 12, Here we report radm ‘measurements of Xpmax with a mean
uncertainty of 16 grams per square centimetre for air showers

nitiated by cosmic rays with energies of 10'7-10'* electronvolts.
This high resolution in X,y enables us to determine the mass
spectrum of the cosmic rays: we find a mixed composition, with
s fraction (protons and helium nuclei) of about 80 per
cent. Unless, contrary to current expectations, the extragalactic
component of cosmic rays contributes substantially to thetotal lux
below 10'7%
of an additional galactic component, to account for the 1.gm
a in the 10'7-10'7%

Observations were made with the Low Frequency Array (LOFAR‘ \)
a radio telescope consisting of thousands of crossed dipoles with
built-in air-shower-detection capability'. LOFAR continuously
records the radio signals from air showers, while simultaneously
running astronomical observations. It comprises a scintillator array
(LORA) that triggers the read-out of buffers, storing the full wave-
forms received by all antennas

We selected air showers from the period June 2011 to January 2015
with radio pulses detected in at least 192 antennas. The total uptime
was about 150 days, limited by construction and commissioning of the
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Shower maximum: proof by Tunka-Rex X )

/)
m One of several methods: slope of lateral distribution Tunka-Rex
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Determine the properties of the
incoming particle with the radio
technique

- direction ~0.1°-0.5°

- energy ~ 20% - 30%

- type (Xmax) ~20-40 g/cm2
(depending on detector spacing)

—> radio technique is routinely used to
measure properties of cosmic rays
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Concept of ARIANNA

- On ice-shelf: Ice-water boundary almost perfect reflector for radio
emission

- Independent antenna stations
can be installed at low costs on
the surface

- Real-time data transfer via
satellite

-+ Solar and wind power possible

- High gain antennas == _::::_
(50 - 1000 MHz) can be used to ER ——

instrument a large volume

- Array of about 1000 antennas
needed

S.W. Barwick et al., Astropart. Phys. 90 (2017) 50 Jorg R. Horandel, APP 2018119 49
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Extension of scintilla

o,
7

2.5 km

Existing station
New station

(triggered flux)x(E/GeV)

’ -\ 8. Buitink
@ K. Mulrey

Estimated
placement
of new detectors
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45% increase in
showers with possible
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Upgrade of the Pierre Auger Observatory
(astro-)physics of the highest-energy particles in nature

in practice:
different
response to
both
components
in both
detectors:
response
matrix

electromagnetic
component

io emission
atmosphere Lkl

Horandel 2018

upgrade PAO

- electronics Key science questions

- scintillator layer *What are the sources and acceleration

- radio detector mechanisms of ultra-high-energy cosmic
rays (UHECRs)?

*Do we understand particle acceleration
and physics at energies well beyond the
LHC (Large Hadron Collider) scale?

*What is the fraction of protons, photons,
and neutrinos in cosmic rays at the
highest energies?
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Bl Alarge radio array the Pierre Auger
£ Observatory

. .
.....

Advanced Grant
Horandel 2018

objective

e origin of cosmic rays

* type of particle up to highest energies

* isolate protons, photons, neutrinos

» extend e/m-muon separation to high
zenith angles
--> horizontal air showers
(i.e. increase exposure of SSD
analyses)

* increase the sky coverage/overlap with
TA

« absolute energy calibration from 1st
principles

* independent mass scale

 clean e/m measurement
--> shower physics

Jorg R. Horandel, APP 2018/19

53



B Alarge radio array the Pierre Auger
s Observatory
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attention:
type of particle determined

for vertical showers: et

in practice: footprint width footprint width

different size of footprint — ——

response to i
eombonents geometrical measurement
el
response
matrix

for horizontal showers:
electron/muon ratio
important: radio emission not absorbed
in atmosphere

electromagnetic
component

.......
.......

Advanced Grant
Horandel 2018
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...... ldIO detector provides good mass separation
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Bl Alarge radio array at the Pierre Auger
et Observatory

preparatory work & feaS|b|I|ty AERA 17 km?
--> 3000 km?

electromagnetic
component

radio emission

4000

expect large radio
footprint from 3000
simulations 2000
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see e.g. T. Huege, Phys. Rep. 620 (2016) 1 east [m] Jérg R. Horandel, APP 2018119 56



- A large radio array at the Pierre Auger

Observatory

- AERA 17 km2
preparatory work & feasibility --> 3000 km?
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Pierre Auger coll. submitted (2018) arXiv: 1806.05386

horizontal air showers registered and
reconstructed with existing AERA

Jorg R. Horandel, APP 2018/19

57



Bl Horizontal air showers have large footprints in

2 @ I radio emission AERA 17 e
2500 [—
E B on standard 1500 m grid .
c - 60 RDs
8 - ' ~114 km?
© 2000 — .
= - ) ~25 RDs
I -
< 1500 [—
E B
S B
o 1000 —
= n
c
N
2 -
= 500 - T
2 B
> — N
< O B I | | | | I | | | | I | | | | I | | | | I | | | | I |
60 65 70 75 80 85

Zenith angle / °
this is MEASURED with the small 17km2 AERA

Pierre Auger coll. submitted (2018) arXiv: 1806.05386 Jorg R. Horandel, APP 201819 58



Radio Antenna - SALLA

Our default antenna is the SALLA antenna.

Well known from Tunka-REX and prototypes at PAO. — Butterfly

«— Zenith 0§ — - - Small Black Splder
0° --- Salla \

06

= 1.60 075 050 095 nd‘fdbﬁ 555 050 055 100
i Haﬂ(tpeaka 0 Qb =0° )renorm. Ha,gb(tpeak; 97 ¢ = 2700)renorm.
Tunka-REX - 63 stations P. Abreu et al., JINST 7 (2012) P10011
measured antenna

characteristics

FE Schroder et al, PoS ICRC2017, 459 Jérg R. Hérandel, APP 2018/19 59



mechanical mounting:
1st prototype in place

Jorg R. Hérandel, APP 2018/19 60
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