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First radio detection of air showers 1965

Blackett’s Field ~1967
Porter MSc
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33RD INTERNATIONAL COSMIC RAY CONFERENCE, R10 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 modern activities started around 2003. Data up to 2007 were taken from [11].
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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 modern activities started around 2003. Data up to 2007 were taken from [11].
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Radio Emission in Air Showers cosmier (B

* Mainly: Charge separation in atmospheric nucleus
geomagnetic field 7 - . 7 &

deflection of particles
in geomagnetic field
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Primary

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 ¢ 7 « B

Theory predicts additional mechanisms:
e excess of electrons in shower:

charge excess

» superposition of emission due to
Cherenkov effects in atmosphere
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rge excess fraction
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Charge excess fraction
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Footprint of radio emission on the ground
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Radio background and signal
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CODALEMA

Astroparticle Physics 31 (2009) 192-200

Contents lists available at ScienceDirect
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Geomagnetic origin of the radio emission from cosmic ray induced air
showers observed by CODALEMA
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32ND INTERNATIONAL COSMIC RAY CONFERENCE, BEIJING 2011

Charge excess signature in the CODALEMA data. Interpretation with SELFAS2.

VINCENT MARIN!, FOR THE CODALEMA COLLABORATION!:2:3:4:5,6,7

LSUBATECH, Université de Nantes/Ecole des Mines de Nantes/IN2P3-CNRS, Nantes France. 2LESIA, USN de Nancay,
Observatoire de Paris-Meudon/INSU-CNRS, Meudon France. 3LPSC, Université Joseph Fourier/INPG/IN2P3-CNRS,
Grenoble France. *LAL, Université Paris-Sud/IN2P3-CNRS, Orsay France. 5GSII, ESEO, Angers France. S1.AOB, Uni-
versité de Besancon/INSU-CNRS, Besancon France. "LPCE, Université d’Orléans/INSU-CNRS, Orléans France.
vincent.marin@subatech.in2p3 fr DOI: 10.7529/ICRC2011/V01/0942

Abstract: The systematic shift between the shower core estimation using the particle array data and the shower core
estimation using the radio array data of the CODALEMA experiment is discussed. Using the simulation code SELFAS2
we show that the consideration of the charge excess contribution in the total radio emission of air showers generates a shift
of the apparent ground radio core along the east-west axis. This radio core shift is then characterized for the CODALEMA
statistic and compared with the experimental data. The good agreement between data and simulation suggests that this
behavior can be considered as an experimental signature of the charge excess contribution.

Keywords: CODALEMA, SELFAS, radio detection, charge excess
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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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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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Measurement of particle mass
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Measurement of particle mass

Position along v x (v x B) axis (m)

400

300t

200}

100}

—100}

—200f

—300}

—-400

—400

1.2

1.0

Total power (a

0.2+

0.0
0

Position along v x B axis (m)

300 —200 —100 O 100 200 300

e
)]
T

o
S
T

T

e LOFAR data

m  CoREAS simulation

100 150 200 250 300 350

Distance (m)

Position along v x (v x B) axis (m)

Total power (a.u.)

300

200}

100}

—100}

—200}

-30

1.2

1.0

0.8+

0.2}
0.0}

-0.2
0

S. Buitink et al., PRD 90 (2014) 082003

~100 0 100 200

Position along v x B axis (m)

300

0.6}

0.4}

T

LOFAR data

CoREAS simulation

100 150 200 250 300

Distance (m)

350

x* I ndf

18

16}

14}

12¢

10}

2.0

1.5}

1.0

§50

X,_.. (g/cm?)

25
3.5
20} °
2.5+
@
o
15 15 ' ¢
Y— 550 650 750
©
C
S~
< o
10t
[ )
5_

§50

600 650 700 750 800 850 900 950
X,_.. (g/cm?)

Jorg R. Horandel - ISCRA, Erice - 2026 20



Measurement of particle mass
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Depth of the shower maximum
LETTER naturec

doi:10.1038/naturel6976

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

S. Buitink!?, A. Corstanje?, H. Falcke>3%°, J. R. Horandel>*, T. Huege®, A. Nelles®”, J. P. Rachen?, L. Rossetto?, P. Schellart?,

O. Scholten®?, S. ter Veen?, S. Thoudam?, T. N. G. Trinh8, J. Anderson'®, A. Asgekar®!!, I. M. Avruch'®!3, M. E. Bell'4,

M. I. Bentum®"°, G. Bernardi'®!, P. Best'8, A. Bonafede', F. Breitling®’, J. W. Broderick?', W. N. Brouw™!3, M. Briiggen'?,

H. R. Butcher??, D. Carbone??, B. Ciardi®%, J. E. Conway?, F. de Gasperin', E. de Geus>?°, A. Deller?, R.-J. Dettmar?’,

G. van Diepen?, S. Duscha?, J. Eisloffel?®, D. Engels?, J. E. Enriquez?, R. A. Fallows?, R. Fender3?, C. Ferrari’®!, W. Frieswijk?,

M. A. Garrett>32 J. M. Griefimeier?334, A. W. Gunst?, M. P. van Haarlem?, T. E. HassallZ, G. Heald>!3, J. W. T. Hessels>23,

M. Hoeft?8, A. Horneffer>, M. Iacobelli®, H. Intema®?%, E. Juette?’, A. Karastergiou®, V. I. Kondratiev>3¢, M. Kramer>%’,

M. Kuniyoshi®®, G. Kuper?, J. van Leeuwen®??, G. M. Loose?, P. Maat?, G. Mann?°, S. Markoff?}, R. McFadden?,

D. McKay-Bukowski**4%, J. P. McKean®!3, M. Mevius>!3, D. D. Mulcahy?!, H. Munk?, M. J. Norden?, E. Orru?, H. Paas*,

M. Pandey-Pommier?, V. N. Pandey?, M. Pietka’®, R. Pizzo?, A. G. Polatidis®, W. Reich®, H. J. A. Rottgering??, A. M. M. Scaife?!,
D. J. Schwarz*, M. Serylak?°, J. Sluman?, O. Smirnov!”44 B. W. Stappers®’, M. Steinmetz?°, A. Stewart3°, J. Swinbank?>%°,

M. Tagger3?, Y. Tang?, C. Tasse***®, M. C. Toribio®32, R. Vermeulen?, C. Vocks?’, C. Vogt?, R. J. van Weeren'®, R. A. M. J. Wijers?3,
S.J. Wijnholds?, M. W. Wise®?3, O. Wucknitz®, S. Yatawatta®, P. Zarka*’ & J. A. Zensus®

Cosmic rays are the highest-energy particles found in nature.
Measurements of the mass composition of cosmic rays with energies
of 10'7-10'8 electronvolts are essential to understanding 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
atmosphere—and their masses can be inferred from measurements
of the atmospheric depth of the shower maximum? (X,,,,; 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®? is
a rapidly developing technique’ for determining X, (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

initiated by cosmic rays with energies of 10!7-10'7-> electronvolts.
This high resolution in X,,,x enables us to determine the mass
spectrum of the cosmic rays: we find a mixed composition, with
a light-mass fraction (protons and helium nuclei) of about 80 per
cent. Unless, contrary to current expectations, the extragalactic
component of cosmic rays contributes substantially to the total flux
below 10'7~ electronvolts, our measurements indicate the existence
of an additional galactic component, to account for the light
composition that we measured in the 10'7-10'7 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

S. Buitink et al., Nature 531 (2016) 70
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Depth of the shower maximum
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Depth of the shower maximum RERA
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Agreement radio - fluorescence measurements
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Agreement radio - Cherenkov measurements
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Horizontal air showers have large footprints in
radio emission . .,
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Radio detector arrays for air showers
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Energy range of Radio Detectors for Air Showers
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Radio Detector of the Pierre Auger Observatory
radio antenna 30-80 MHz
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Radio Detector of the Pierre Auger Observatory
radio antenna 30-80 MHz
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Radio Detector of the Pierre Auger Observatory

integrated # of cosmic rays
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Radio Detector of the Pierre Auger Observatory

integrated # of cosmic rays
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https://www.epj-conferences.org/articles/epjconf/abs/2023/09/epjconf_uhecr2023_06002/epjconf_uhecr2023_06002.html

Deflection of cosmic rays in magnetic fields
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Figure 19. Angular deflections of ultrahigh-energy cosmic rays in the eight model variations derived in this paper and JF12. The cosmic-ray
rigidity is 20 EV (2 x 10!° V). Filled circles denote a grid of arrival directions and the open symbols are the back-tracked directions at the edge

need to know rigidity (mass)
of incoming cosmic rays
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of the Galaxy.
The Coherent Magnetic Field of the Milky Way »
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Radio Detector of the Pierre Auger Observatory

Timeline of commissioning up to 2022-01-01 08:39:19 (UTC). Number of stations = 0
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RD calibration concept

thermal cycling (aging)
LNA & digitizer

end-to-end calibration in lab
LNA & digitizer

simulation of antenna pattern
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Absolute calibration with galactic emission

‘12
rl

. B
ot

- average of different models of Galactic emission

ower [pW]

- systematic uncertainty ~5%

Frequency [MHz]

- excellent agreement with lab calibration

7 8 9101112131415161718192021222324
LST fhour]

120 Distribution of calibration constants - Channel 1 Distribution of calibration constants - Channel 0
_ Average Model 160 - Average Model
. ! [—1 GMOSS - ! 1 GMOSS
Prel|m|nary —1 ULSA Prellmlnary L _I_ 1 ULSA
100- 140- J
Cy = 1.05 %+ 0.05 N EW Co = 1.05+0.05 NS
_I_r 120 -
" U _
100
+ + -
- g L
5 60- L 80 -
O O
O L 7 - O
60 -
40 - -
- L
40 - —
20 1 -
20 1 L
0 . | | . _ 0 L o _ | | : - -
0.8 0.9 1.0 1.1 1.2 1.3 0.8 0.9 1.0 1.1 1.2 1.3
(Co) (Co) 10

Jorg R. Horandel - ISCRA, Erice - 2026 37



PuBLISHED BY IOP PUBLISHING FOR SissA MEDIALAB

] inst

REcEIVED: November 25, 2025
AcCEPTED: December 1, 2025
PuBLISHED: December 11, 2025

Long-term calibration and validation of stability of the
Auger Engineering Radio Array using the diffuse Galactic

0.012

Entries

S
-
[
'-'_IIIIIIIIIIII
I
o0

Average Spectral density [mV]

0.004F 2
radio emission -
Ly s 1oyl T I FEEE R AT PR P A
000 ™2™ 46 8 10 12 14 16 18 20 22 24
Local Sidereal Time [h]
—~ 13
,g | s E = A =0.030+0.001 b=1.121+0.002 EAST-WEST
g 1 ) § =0.2 + 0.4 [% per decade] ¢ =220.1+ 2.4 [deg]
g ¢ } ¢ $ ¢
PIERRE S L5E5 ; ; id * SR T
OBSERVATORY Q 1.1 == * ¢ $ . ’ |
= 105 B pood
The Pierre Auger collaboration ==
O S S S AP P P P P T T PP F P P PP T P P S TP PSS TV A
2014 2015 2016 2017 2018 2019 2020
— 13
B |, [E.A=0016x0.001 b=1.102 = 0.001 NORTH-SOUTH
g 1 , § a=09=0.2 [% per decade] ¢ =223.0 = 2.4 [deg]
“o 115 ; . .
g 1.1 °__‘“.‘ 4
~— = « ¢ @ ¢
1.05 E—*
1E—-
095 & . - . 3
FEFS LS S LE Y é‘%s&e’sipéféé*é:?eaipf¢é¢'§>‘§of€95"¢éé}?éfqips‘fééééss&fqip
2014 2015 2016 2017 2018 2019 2020

Jorg R. Horandel - ISCRA, Erice - 2026

38



2()_ * @ * ¢ @ . w N * @ * @ * 9 * @ 9 - * o @ * @ ES e @ - - e @ * @ * @ e @ * @ * m‘

* 9@ * @ * @ * @ * @ * @ g @ e @ * @ * @ * @ * @ * @ N * @ * @ * @ * @ * 9@ * I I ‘\’\‘h‘E!!I I‘I‘|‘EEEiEil l'l ‘E!!

* @ *e% o0 ¢ * @ *

o000

L a® * 9 > * * * * * * * * * * * * * > > > > > - - - - « « -~ N - - ~ - N N -« -« -
*e* o0 *eo®

L B *aete L * @ * 9 * @ ) * o @ * @ - * ¢ @ - * ¢ @ * @ * @ - * @ * 9 e © e @ u o
PP PP PO PO OO
L A AL L T B D L L B L D S L I D D D L D N S L L L L L R T R R N I R
PP P00
* * @ *oP 0 e » * @ * @ * @ * @ * @ * 9 * @ * @ * @ * @ * @ * @ * @ * @ - * @ * @ * @ -

* * @ * @ * @ * @ ¢ @ * * @ * @ * 9 @ * @ - * @ * @ * @ * @ * @ * @ * @ * @ * 9 e @ -

Y/Km
%°
%°
%@
%@
°
°
v
v
@
@
@
@
@
@
2
@
-
“°
%@
%@
%@
%°v
%°v
%@
%@
%<
%<
°
°
°
°
°
°
<
°
°
°
@
@
°v
°
°

. air showers with more than 40 detection
units above thresholid

%
%
%
%
%
®*e% 9
=
)
2
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%

30 Harm Schoorlemmer
https://gitlab.iap.kit.edu/auger-observatory/sandboxes/hschoorlemmer/wappy

40  -30  -20 ~10 0 10 20 30
X/ Kkm

H. Schoorlemmer



2()_ * @ * ¢ @ . w N * @ * @ * 9 * @ 9 - * o @ * @ ES e @ - - e @ * @ * @ e @ * @ * m‘

* 9@ * @ * @ * @ * @ * @ g @ e @ * @ * @ * @ * @ * @ N * @ * @ * @ * @ * 9@ * I I ‘\’\‘h‘E!!I I‘I‘|‘EEEiEil l'l ‘E!!

* @ *e% o0 ¢ * @ *

o000

L a® * 9 > * * * * * * * * * * * * * > > > > > - - - - « « -~ N - - ~ - N N -« -« -
*e* o0 *eo®

L B *aete L * @ * 9 * @ ) * o @ * @ - * ¢ @ - * ¢ @ * @ * @ - * @ * 9 e © e @ u o
PP PP PO PO OO
L A AL L T B D L L B L D S L I D D D L D N S L L L L L R T R R N I R
PP P00
* * @ *oP 0 e » * @ * @ * @ * @ * @ * 9 * @ * @ * @ * @ * @ * @ * @ * @ - * @ * @ * @ -

* * @ * @ * @ * @ ¢ @ * * @ * @ * 9 @ * @ - * @ * @ * @ * @ * @ * @ * @ * @ * 9 e @ -

Y/Km
%°
%°
%@
%@
°
°
v
v
@
@
@
@
@
@
2
@
-
“°
%@
%@
%@
%°v
%°v
%@
%@
%<
%<
°
°
°
°
°
°
<
°
°
°
@
@
°v
°
°

. air showers with more than 40 detection
units above thresholid

%
%
%
%
%
®*e% 9
=
)
2
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%

30 Harm Schoorlemmer
https://gitlab.iap.kit.edu/auger-observatory/sandboxes/hschoorlemmer/wappy

40  -30  -20 ~10 0 10 20 30
X/ Kkm

H. Schoorlemmer



An inttial look at 13 months of data
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A closer look at “fully efficient” zenith angle range

azimuth angle
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world record for radio detection
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Correlation of energy measured with RD and WCD
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In-situ monitoring of atmospheric electric fields
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Earth-skimming potential

65 km footprint
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Earth-skimming potential

65 km footprint
Nearly from the horizon: 89°
around 2x101%eV

completely new domain for radio 301

—> illustrates the case for detecting

Earth-skimming neutrinos 50 -

(e.g. hitting the Andes)
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Earth-skimming potential

65 km footprint
Nearly from the horizon: 89°
around 2x101%eV

completely new domain for radio =4
—> illustrates the case for detecting
Earth-skimming neutrinos 50 -
(e.g. hitting the Andes)
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some future projects
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Auger Radio Infill SKALA Enhancement (ARISE) .., Atstinspassamy

® SDdet.
® 18 SKALAs triggered by Surface Detector aiming at: AUGER
R o "SD Sftatioh'”'“ T OBSERVATORY
® demonstrating full efficiency for vertical showers R
® combined analysis with underground muon detectors N
® cross-calibration of energy scale with SKALA antennas I A R

X (m)

Surface Detector with Underground Muon Detector

ARISE: simulated radio detection efficiency

] 1
e L e e e e e s s s s e e s

Zenith angle
40°

Reconstruction efficiency
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The Square-Kilometer Array

® SKA-low under construction in Australia
® 10,000's of antennas on 1 km?, 50-350 MHz
® triggering scintillator array for air showers to be installed

SQUARE KILOMETRE ARRAY

® Dbuilding on LOFAR experience
® Unprecedented precision for air showers above 10° eV

simulated air shower
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SKA Focus Group on High-Energy Cosmic Particles, ARENA 2026
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Hybrid Elevated Radio Observatory for Neutrinos (HERON)

® HERON combines GRAND and
BEACON expertise

® Future array for UHE neutrinos
iIn Argentina

e Phased
e Standalone

KM3NeT-230213A
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Detection

GRR2 Giant Radio Array for Neu

Cosmic ray
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Concepts for Radio Detection on Balloons

Cosmic Rays:
® high-altitude horizontal air showers (HAHAS)

B reflected signal of downgoing air showers ,
Neutrinos: :

® in-ice Askaryan emission e

® v_induced upgoing air showers

.

38 km
altitude

. 660’6\\

PUEO Coll., ARENA 2026
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POEMMA-Balloon [ e s
‘ 4 - PBR Team, .
with Radio (PBR) L'.-. . |  JCAP07(2026)Q01

.- talk by B. Panico

Ultl’ a-ngh-Ener gy High Altﬁudé Hdﬁzbnth al
“Cosmic Rays. Alrshowers (HAHAs)
(UHECRSs). Opt1cal+Rad10

UV F luorescence

Cosmlc Rays E > PeV .

T

_.' _Tau Neutrino
i Optlcal+Rad10

\ Tau Neutrino

Tau Iepton decay e

—
~~

Southern Ocean
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Payload for Ultrahigh Energy Observations (PUEO)

PUEO is the successor of ANITA with higher sensitivity

® search for neutrino-induced air showers in the Antarctic ice

® improvement of cosmic-ray detection due to additional
low-frequency instrument
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Radio Emission
In air and In dense media

¢ Askaryan emission: radiation from

time-varying net negati
excess in shower. Domi

showers

¢ Geomagnetic emission: time-varying
current due separation of positive and

ve charge

nant for in-ice

negative charges in shower due to

Lorentz force. Dominant for air showers

ﬁ—

\

nucleon

air shower

—k

Kahn & Lerche (1967)

e Both benefit from boost due to
coherence effects near the Cherenkov

angle

Stephanie Wissel - ECRS 2026
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Recent result:

validation of in-ice Askarayan emission from
cosmic-ray air showers continuing in the ice

Polarization estimate is quite distinct
from expected geomagnetic signals

S
o | - Askaryan simulation,

=2 3 Lauare 3 KS p-value: 0.45

("\l‘. P - — Geomagnetic polarization,
I LS [ KS p-value: 2.6 X 10 °

+= 2 6 . -

§ e e Passing events S
° L Est. distribution

o, ‘_

P<

(1]

0 10 20 30 40 50 60 70 80 90
Reconstructed polarization angle at phased array [deg.]

ARA Coll., PRL 136 (2026) 151003

Askaryan Radio Array (ARA) at the South Pole

Cosmic ray
air shower core

vPol [ HPol

;/

! )
, ¥ —200m

Reconstruction

Phased-VPol trigger array array antennas
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Radio Neutrino Observatory in Greenland (RNO-G) .
i O 28300 35250 20%% !

S RNO-G e | BBl 2NO-G

® RNO-G deployment progresses
in Greenland
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JCECULUBE | DETECTORS 10 year construction project

GENZ2 SURFACE * RADIO * OPTICAL

IceCube
- _ Laboratory

long trench fram ICL

N -

86 strings of ‘M e Amundsen-Scott South

Pole Station, Antarctica

A National Science Foundation-
managed research facility

Cosmic Ray Surface Array H 0 IR op;icqlmlglul !

An air shower array that sits on ] HEGEEE Rl !
top of the optical array ) 0 EHUEIEEECE GRS GE SE R R ;1
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One surface station installed
above each optical string
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: 17 meters apart IceCube

4x the sensitivity of IceCube's A
modules (1 km)
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lceCube-Gen2 Radio Array (in-ice)

® Shallow + deep antennas for in-ice Askaryan emission to detect UHE neutrinos

. GENZ2
1 M IceCube-Gen2 (10 years) = =: VanVliet et. al, best fit to Auger, 10% proton [
1 1 IceCube ===+ AGN, Murase et al. 1403.4089 [
] From UHECR, allowed region Astrophysical flux model
"""" (power law, index = -2.5)
1075 i
ARIANNA
1070 5 ANITA IV F

E?2x ® [GeVs~lsr—1cm—?]

ERCERCaRC e

10710 o s
10° 107 10° 10° 101° 10t

https://icecube-gen2.wisc.edu/science/publications/tdr/ E [ G ev]

ceCube-Gen2 Technical Design Report (TDR):
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primary
cosmic ray

lceCube-Gen2 Surface Array

® Combination of deep and surface detector will make lceCube-Gen?2
a unigue laboratory for air-shower physics and Galactic cosmic rays

® 8x larger area, 30x larger aperture for in-ice coincidences

Surface Array of approx. 150 stations:
4 pairs of scintillators + 3 antennas

scintillators ::’
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photos: prototype station at South Pole
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power, data, timing
IceCube-Gen2 Technical Design Report (TDR): https://icecube-gen2.wisc.edu/science/publications/tdr/
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Radio detection of extensive air showers
Prcision measurements of the properties of cosmic rays
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Pushing the Frontiers

In Radio Detection

 Cosmic Rays
- Large scale arrays and dense arrays are entering a precision era for
radio

 Neutrinos: Scaling Up
- Several ideas (Earth-skimming tau, in-ice radio, balloons)
- First results from prototypes (GRANDProto300, BEACON, ARA, RNO-G)

erc - Efforts to move from prototypes to science scale instruments
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