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First radio detection of air showers 1965
Blackett’s Field ~1967
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The renaissance of radio detection of cosmic rays

Tim HUEGE!
2018: beyond
capabilities of
standard
installations
= 50 I | I | | | | | | | | I | | | | | | | | | I |
g QS5 F - el
B g b
s L | 2016: radio technique
S B0 e . mature:
S 25 ............................................................. . propertles of cosmlc
§ 20 [T g rays
'.g 15 .......................................................... .
£ M
é 10 ©- ¢ s gEE s s s s s s s s s s s s s s s s s s s s s s e e e e s s s s s s s s sseeeeeesesseos . . 2014: understandlng the
S gHUUHNsmgan alllm.. . =l ' | emission processes
0 Vi QN = N N~ 0= NN~ O = NN = NN -
$52555558848323388283835:8¢83¢ 2005: understanding the
= S 5 Ez2 Lz p =2z 0 2 S [y 0 E o2 o2 N oo .
$EEZi2S rosiIZEiEyESiEL S sional
= 9 T e 2 g 68 A R = = o w
305 an. g..xgg &) oj‘:‘i— = mz
3 (a2

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 modern activities started around 2003. Data up to 2007 were taken from [11].
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Radio Detectors
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Radio detection of extensive air showers

around the world
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23 stations ~5 km?2
International LOFAR Telescope (ILT)
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LORA Superterp:
LOFAR Radboud Array 1~ diameter ~ 300 m

* 20 LORA detectors
|~ 6 LBA stations
(= 6 X 48 antennas)

more LBA stations
around superterp

offline analysis ;
| P Schellart et al., A&A 560, 98 (2013)
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A measured air shower
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Simulating Galaxy Noise
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A&A, 679, A50 (2023)
https://doi.org/10.1051/0004-6361/202245382 tronomy

© The Authors 2023 Ast rophySiCS

Uncertainties of the 30-408 MHz Galactic emission
as a calibration source for radio detectors
in astroparticle physics

M. Biisken!-2, T. Fodran®, and T. Huege*>
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Fig. 2. Sky maps showing the temperature ratio of each model to the average from all seven models at 50 MHz in Galactic coordinates. The models

are denoted as (a) LFmap, (b) GSM, (c) GSM16, (d) LFSM, (e) GMOSS, (f) SSM, (g) ULSA.
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LOFAR Signal Chain &
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LOFAR Signal Chain &
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Fitting for Electronic Noise &
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Calibration Results &
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EFRA Timing calibration

Auger Engineering Radio Array
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Radiation Processes

“I think you should be more explicit here in step two.”
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Radio Emission in Air Showers

«» Mainly: Charge
separation in
geomagnetic field
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Arrival direction of showers with strong radio

signals
north-south asymmetry
v X B effect Q
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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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Radio Emission in Air Showers

%> Mainly: Charge
separation in
geomagnetic field

Ex©x B
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Polarization footprint
of an individual air shower
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Charge excess fraction
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Footprint of radio emission on the ground
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Properties of incoming
cosmic ray

- direction
- energy

- type

Jorg R. Hérandel, ISCRA Erice 2024 34



Direction
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Shape of Shower Front §&
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Accuracy of Shower Direction
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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
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op ~ 32% ox, ~17 g/cm”
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Depth of the shower maximum

LETTER Nature

doi:10.1038/nature16976

A large light-mass component of cosmic rays at
1017-1017-5 electronvolts from radio observations

S. Buitink'?, A. Corstanje?, H. Falcke?>%, I, R. Horandel?*, T. Huege®, A. Nelles?, J. P. Rachen?, L. Rossetto?, P. Schellart?,
0. Scholten®?, S. ter Veen®, S. Thoudam?, T. N. G. Trinh®, I. Anderson'?, A. Asgekar®!!, I. M. Avruch'>"%, M. E. Bell'¥,
M. . Bentum®'%, G. Bernardi'®'7, P. Best'¥, A. Bonafede', F. Breitling, J. W. Broderick”, W. N. Brouw™'%, M. Briiggen'®,

H. R. Butcher?, D. Carbone?, B. C
G. van Diepen?, S. Duscha®, J. Eisl
M. A. Garrett*¥, J. M. Griefmeier

rdi?*, 1. E. Conway?, F. de Gasperin”, E. de Geus??, A. Deller?, R.-1. Dettmar?,
fel’*, D. Engels”, J. E. Enriquez’, R. A. Fallows®, R. Fender®, C. Ferrari®, W. Frieswiik’,
A. W. Gunst?, M. P van Haarlem?’, T. E. Hassall”, :

G. Heald™!?, J. W. T. Hessels™*,

M. Hoeft?®, A. Horneffer®, M. Iacobelli®, H. Intema®*, E. Juette?, A. Karastergiou®, V. I. Kondratiev**°, M. Kramer>%,
M. Kuniyoshi®®, G. Kuper?, J. van Leeuwen®%, G. M. Loose?, P. Maat?, G. Mann°, S. Markoff%, R. McFadden?,
D. McKay - Bukowski***°, J. P. McKean™'?, M. Mevius™"%, D. D. Mulcahy?, H. Munk?®, M. I. Norden?, E. Orr’, H. Paas*,

M. Pandey-Pommier®, V. N. Pandey®, M. Pietka™, R. Pizzo?,

G, Polatidis?, W, Reich?, H. J. A. Rottgering®, A. M. M.
D.J. Sehwarz, M. Serylak™, Sluman’, O. Smirnov”#, B, W, Stappers”, M. Steinmetz?, A. Stewart™, I Swinbank®

M. Tagger®, Y. Tang’, . Tasse*45, M. C. Toribio??, R. Vermeulen?, C. Vocks™, C. Vogt’, R. J. van Weeren'®, R. A. M. . Wijers®,
S.7. Wiinholds®, M. W, Wise?2, 0. Wucknit73, S. Yatawatta’, P. Zarka®’ & I A. Zensus®

Cosmic rays are the highest-energy particles found in nature.

the p with energies
0f 10'7-10"® ial to whether
they have galactic or extragalactic sources. It has also been proposed
that 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

initiated by cosmic rays with energies of 10'7-10'7 electronvolts.
This high resolution in X,y enables us to determine the mass
spectrum of the cosmic rays: we find a mixed composition, with
alight-mass fraction (protons and helium nuclei) of about 80 per
cent. Unless, contrary to current expectations, the extragalactic

atmosphere—and their masses can be inferred from
of the atmospheric depth of the shower maximum® (Xpnq,; the depth
of the air shower when it contains the most particles) or of the
composition of shower particles reaching the ground®. Current
measurements® have either high uncertainty, or a low duty cycle
and a high energy threshold. Radio detection of cosmic rays**

arapidly developing technique? for determining Xpax (refs 10, 11)
with a duty cycle of, in principle, nearly 100 per cent. The radiation
is generated by the separation of relativistic electrons and positrons
in the geomagnetic field and a negative charge excess in the shower
front®!2, Here we report radio measurements of X, with a mean
uncertainty of 16 grams per square centimetre for air showers

of cosmic rays to the total flux
below 1073 our indicate th
of an additional galactic comp to account for the light

composition that we measured in the 10'7-10'72 electronvolt range.

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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Results: Resolution of AERA Xmax method

Radboud University § %
;Loﬂ'lme-?@\7

Radio Xmax resolution
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ELR
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3 N & Auger Fluorescence
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10 ‘\ Auger Radio
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cut 1018

I i019

Energy [eV]

A. Abdul Halim et al., Phys. Rev. D, 109 (2024) 022002

A. Abdul Halim et al., Phys. Rev. Lett., 132 (2024) 021001

NN

Resolution improves with energy.

e Up to ‘better than 15 g/cmz2’
e Trend driven by low SNR at low energy.

Resolution competitive with e.g.:

e Auger fluorescence
[arXiv:1409.4809]

e LOFAR radio (E=101638.--18.3gV)
[arXiv:2103.12549v2]

Side note:
High resolution is crucial for
mass composition studies.

—— jron nuclei (E=1018eV)

—— helium nuclei (E=1018eV)
—— protons (E=10'%eV)

- A = 100 g/cm?

probability

800 900 1000 1100

Xmax [9/cm?]

600 700
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Radboud University {g5?

£ Results: AERA vs other (radio) experiments
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Energy [eV]

A. Abdul Halim et al., Phys. Rev. D, 109 (2024) 022002
A. Abdul Halim et al., Phys. Rev. Lett., 132 (2024) 021001

No general radio-bias w.r.t other techniques

(within uncertainties).

Highlights that systematic uncertainties are

key to interpret and compare.

LOFAR-AERA differences are being

investigated in a working group

—> come talk to us during coffee and

lunch!
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A. Abdul Halim et al., Phys. Rev. D, 109 (2024) 022002
A. Abdul Halim et al., Phys. Rev. Lett., 132 (2024) 021001 12/13




Determine the properties of the
incoming particle with the radio
technique

= direction ~0.1°-0.5°

= energy ~15% - 30%

= type (Xmax) ~ 20 - 30 g/cm?
(depending on energy, detector spacing, ...)

—> radio technique is routinely used to
measure properties of cosmic rays
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- The Future
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The Radio Detector of the Pierre
'@ Auger Observatory

radlo antenna 30-80 MHz L

two orthog al\golarlzatlons
250 MHz sampli g

atmosphere of Earth is
transparent in 30-80 MHz band

Gamma rays, X-rays and ultraviolet
light blocked by the upper atmosphere
(best observed from space).

water-Cherenkc
120 MHz sampling
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http://particle.astro.ru.nl/pub/epjconf-uhecr18-06005.pdf
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footprints in radio emission
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extend mass sensitivity to inclined showers ¢ > 60° ..
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https://www.google.com/search?client=safari&rls=en&q=PRL+116+(2016)+241101&ie=UTF-8&oe=UTF-8
https://iopscience.iop.org/article/10.1088/1475-7516/2018/10/026
https://www.epj-conferences.org/articles/epjconf/pdf/2019/15/epjconf_uhecr18_06005.pdf
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~500 stations Nov 2023 ~1000 stations Mar 2024

RN144
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installation of digitizers ~7/day

°., Installation of antennas up to
O C
28 ~7/day
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N o
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g »n o
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10 EAS/
Total Operated: 1 ' ‘ "TIIREI
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Calibration procedure

thermal cycling end-to-end calibration simulation of antenna -

(aging) in lab » pattern AUGER
LNA & digitizer LNA & digitizer NEC
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A measured cosmic ray
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y (km)

Eur. Phys. J. C (2020) 80:643
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Refractive displ

Signal model and event reconstruction
t of the radi ission footprint of inclined for the radio detection of inclined air

air showers simulated with COREAS showers

F. Schliiter*”* and T. Huege"*
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RD SD

Azimuth (deg)
Zenith (deg)
Energy (EeV)
Core X (km)
Core Y (km)

156.99+0.01 157+0.1

84.7+0.01 84.7+0.1
36.23 £ 3.34 38.55 +2.92
-19.8 -17.40+0.88
-8.73 -9.78+0.45
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Expected number of cosmic rays after
10 years

Using Auger-measured flux
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Particle physics in air showers

— QGSJETII-04 ¢ maximum-rigidity ¥ FD+WCD

............. Slbyll-23d

¢ photo-disintegration

18.5

19.0 19.5 20.0
log10(Ecr / €V)

Muons in
inclined air

showers
—> Investigation
of muon deficit
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Particle type for each cosmic ray
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goal for the upgrade: 1.5
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7" International Symposium on Ultra-High-Energy Cosmic Rays

UHECR 2024

Malargiie, Argentina - November 17-21 2024

The symposium is the 7" edition of a series of meetings that bring together the
UHECR community. It covers the latest results from UHECR observations,
theoretical developments, and future plans in the field. The symposium will

focus on the highest energy cosmic rays as well as on cosmic rays with energies
above 1 PeV. The agenda includes invited reviews, contributed talks, and reports
from inter-collaborative working groups, all in plenary sessions.
Poster contributions are also foreseen.

International Advisory Committee Local Organizing Committee
R. Engel (chair), P. Blasi, I Allekotte, B. Andrada, F. Gollan,
A. Castellina, I. De Mitri, T. Ebisuzaki, G. Golup, F. Sanchez.
P. L. Ghia, F. L. Halzen, Y. Itow, ’
K.H. Kampert, P. Klimov, P. Lipari, J. - :
Matthews, S. Ogio, 1. H. Park, E. Parizot, For more information:
E. Resconi, M. Roth, G. Rubtsov, D. Ryu, https://indico.ahuekna.org.ar/event/768/

H. Sagawa, P. Sokolsky, Y. Tsunesada. uhecr2024@auger.org.ar
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