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First radio detection of air showers 1965

Blackett’s Field ~1967
Porter MSc
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Haverah Park (Leeds) Allan 1971

Recent receiving antennas (44 MHz) forming part of the Haverah Park Extensive Air
Shower Array.,

H.R. Allan, Prog. Element. Part. Cosmic Ray Phys (1971) 169 Jérg R. Hrandel, ISCRA Erice 2022 4
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THE ASTROPARTICLE PHYSICS CONFERENCE T ' ;

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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Radio Detectors
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Radio detection of extensive air showers
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A measured air shower
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Calibration Results &
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Auger Engineering Radio Array

AUGER

OBEEAVATCRY

Use beacon broadcasting -
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to measure relative time =«
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A. Aab et al., JINST 11 (2016) no.01, P01018
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Radiation Processes

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

cosmic ray @
%>®» Mainly: Charge |
separation in atmospheric nucleus @
g_?omagne_,tlc field deflection of particles

E xvxB in geomagnetic field //
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radio pulse
|74 I |74 I
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Arrival direction of showers with strong radio

signals
north-south asymmetry
v X B effect
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A. Nelles et al., Astroparticle Physics 65 (2015) 11
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Arrival direction of showers with strong radio
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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
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Polarization footprint
of an individual air shower
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Polarization footprint
of an individual air shower
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Footprint of radio emission on the ground
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Lateral distribution of radio signals
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Properties of incoming
cosmic ray

- direction
- energy

- type
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Shape of Shower Front §&
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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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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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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

energy distance to Xmax
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Measurement of particle mass

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

Measurement of particle mass
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Measurement of particle mass

Position along v x (v x B) axis (m)
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Depth of the shower maximum

LETTER Nnature

doi:10.1038/nature16976

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

S. Buitink!?, A. Corstanje?, H. Falcke®**5, 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'®!3, M. E. Bell'4,

M. J. Bentum®'®, G. Bernardi'®', P. Best'¥, 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?, I. E. Enriquez?, R. A. Fallows?, R. Fender??, C. Ferrari®', W. Frieswijk?,

M. A. Garrett®32, J. M. GrieRmeier?>?4, A. W. Gunst?®, M. P. van Haarlem?, T. E. Hassall”!, G. Heald®'3, J. W. T. Hessels*?3,

M. Hoeft?®, A. Horneffer®, M. lacobelli*, 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. J. Norden?, E. Orru®, H. Paas*,

M. Pandey-Pommier*?, V. N. Pandey?, M. Pietka®, R. Pizzo®, A. G. Polatidis®, W. Reich®, H. J. A. Réttgering®?, A. M. M. Scaife?,
D. J. Schwarz*}, M. Serylak®, I. Sluman?, O. Smirnov'”#, B. W. Stappers®’, M. Steinmetz?’, A. Stewart*’, J. Swinbank?>43,

M. Tagger™, Y. Tang’, C. Tasse***®, M. C. Toribio*??, R. Vermeulen®, C. Vocks?’, C. Vogt?, R. I. van Weeren'®, R. A. M. J. Wijers®,
S. J. Wijnholds®, M. W. Wise>%, 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"® 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
arapidly developing technique’ for determining Xy (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 Xy 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, 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

¢ Pierre Auger (ref. 26)
v HiRes/MIA (ref. 27)

o Yakutsk (ref. 28)
> Tunka (ref. 29)
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Radboud University %"

s Results: Resolution of AERA Xmax method
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Radboud University

Results: AERA vs other (radio) experiments ™
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HiRes/MIA (*£0stat) . LOFAR (%0<tat)
TA (£0stat) B AERA (£04.) // . * No general radio-bias w.r.t other techniques
+ 7 e .y
TALE (£0star o S (within uncertainties).
 d
750 1 = +0 - /‘+
— — SySt . . . . .
~ e Highlights that systematic uncertainties are
E key to interpret and compare.
9
5 7007 * LOFAR-AERA differences are being
g investigated in a working group
650 - —> come talk to us during coffee and
lunch!
600 - Preliminary
et

107 101 10w
Energy [eV]
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Radboud University
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wax  Two Independent estimates of systematic uncertainties
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N —e— TOTAL mmm (X75%4) reconstruction Independent constrained from
B Atmosphere Varying oXAERA floor
30 - B Hadr. model Corsika m Varving GXAERA cut AERA-FD dataset (most lower E)
A >D energy scale - PosZibIge re;niiixual bias 0.0147 4= -563+11.01 i Preliminar
& Bl Acceptance 0= 4 : y
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—-40 N T T T T T T T ~ 2
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log10(Energy [eV])

T

e Cross check: two independent estimates for total systematic uncertainties are in agreement.
—> suggests systematic uncertainties are well-understood and no significant contribution is missing.
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Shower maximum: proof by Tunka-Rex

m One of several met

corrected amplitude (uV/m)
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Radio Detection of Cosmic Rays
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Institut fir Kernphysik
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Determine the properties of the
incoming particle with the radio
technique

= direction ~0.1°-0.5°

= energy ~195% - 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

Key science questions
*What are the sources and
ok N acceleration mechanisms of

ultra-high-energy cosmic rays
(UHECRSs)?

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?

Oy

C]

A

CrTe®

4 U
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http://particle.astro.ru.nl/pub/jrh-rd-arena18.pdf
http://particle.astro.ru.nl/pub/epjconf-uhecr18-06005.pdf

Axis distance of furthest station / m

Horizontal air showers have large
footprints in radio emission

2500 on standard 1500 m grid ~60 RDs
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3000 km?

Surface Detector array:
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Water Cherenkov Detector,
Surface Scintillator Detector,

Radio Detector
1600 stations on 1500 m
61 stationson 750 m

grid
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Expected Performance

End-to-end simulation

8000 COREAS showers .\ re Simulate instrumental response
(directional response, analog gain, digitization, ..... )

10184 — 102°1 eV

= Including uncertainties (o, = 5%)
65° - 85°

= Measured noise

Simulated pulse Antenna signal Reconstructed pulse
400 2065 400

2060
200 2055 200

i W\/\/\/ 8 2050 i
0 0
WCD triggers! > < 2045 S
s —>
—200 2040 —200
2035
—400 2030 —400
3500 3600 3700 3800 3500 3600 3700 3800 3500 3600 3700 3800
t/ns t/ns t/ns

see Felix Schliiter, ARENA 2022
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https://indico.cern.ch/event/826366/contributions/4880764/attachments/2457884/4213335/rd-performance-schlueter-v2.pdf
https://indico.cern.ch/event/826366/contributions/4880764/attachments/2457884/4213335/rd-performance-schlueter-v2.pdf

Expected number of cosmic rays after

10 years

Using Auger-measured flux

) i17776 8606 @ statistical uncertainty only
n 0 12835 % 3925 Independent of exact
= £ . 1568 simulation settings
= 2985 g
S 10° 1287 570
i 488 164
£ 90 r'y
105 . <100 ¥
A ® RDall events (§ = 65° — 85°) < 27
N T
= o1 * RDfullefficiency e(E,0) > 0.97 ¥
B Auger inclined FD + WCD 4
1 All world FD (all zenith angle) iS
10 18.6 18.8 19.0 19.2 19.4 19.6 19.8 20.0

logio(Ethr / €V)
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Lateral signal distribution
new model for LDF

- 2 parameter + core

coordinates 12000 E=10""eV =723
- derive start values from 10%
WCD 10000
i & 102
(use RD arrival > 8000
] ] L
direction) y 100 P
- | Y 6000 E f5.5(SNR < 10)
= Integrail -> energy § I — L 20,’00
estimator = 4000
[ A-107eV(E /1018ev)BA:i58i007 B =198+0.04 %D
W15 s g 2000
0_ E fgeo
ol 0 500 1000 1500 2000 2500

axis distance / m

/ sin? & [eV]

—_
e}
N

LR

E Auger
30—80MHz

see Felix Schliiter, ARENA 2022
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A. Aab et al., PRL 116 (2016) no.24, 241101
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https://indico.cern.ch/event/826366/contributions/4880753/attachments/2458111/4213862/ldf-has-schlueter.pdf
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.116.241101
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.93.122005

Particle type for each cosmic ray

_ 50/50 p-Fe composition
949 479 293 126 60 8 5 with 10 yr RD measurements

2.5 D . TFe

S % & Pog o figure of Merit:

< 2.0 i 495 e o ¢ T _

> I 1 o L) = €m0
ch Q. - : - Urzp + O-rgFe
Ay c

T 15 ;o f FOM = 1.61 + 0.04
0y ol . { ——

Ny | N 1 equal to Xmax with

~ 1.0 g o ~ perfect resolution

™ e
o 1920 events: 6>70° &IgE__> 19| goal for the upgrade:

190 192 194 196 198 200 19
a0 logo(Ecr/eV)
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since November 2019
10 prototype stations installed
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final version of LNA, RU Nijmegen, June 2019
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Calibration with Galactic signal

siderial modulation of Galactic signal

Simulated galactic signal in the EW loop Measured noise & galactic signal in the EW loop

80 20.0 80 20.0
N N
N
I 70— H -70 17.5 §70 —— _ X -70 I17.5
E ~ 60 L 60 15.0
>60_ B -60 15.0 a -—
- = < - — L 11253
50— ! 50 -12.5% @ SO 50 2
g‘ o 540— ——— 40 | [l00%
@ 40 40 | [10.0 5 = 3
= I
Y= % -t 0 0 A 0 0 0 0 A S B 1 30 7'58_

s’ Trmed 3 e Boar )

= 2.5 5.07.5 2 P P 5.0

2. power [pW] 5.0 =14

- 3 2.5

2 2.5 212-

g 6- 0 2 4 6 8 10 12 14 16 18 20 22 0.0

r~1r1r 17 v1rv1rv1vrv1rvrrvrrrvirrviTrT
0 2 4 6 8 10 12 14 16 18 20 22 0.0 LST [hour]

LST [hour]

EW calibration constant: 1.03 £ 9.6% * 2%
NS calibration constant: 0.96 £ 9.7% % 2%

Uncertainty caused by the Antenna model: max 1.5%
For more details see this proceeding: https://pos.sissa.it/395/

see Tomas Fodran, ARENA 2022
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https://indico.cern.ch/event/826366/contributions/4886475/attachments/2458090/4214515/ARENA2022-T-Fodran.pdf
https://pos.sissa.it/395/270/pdf

Air showers measured with engineering
array

Arrival direction Nice 3-fold event above 1g(18.4/eV

N HAS-LDF i
10 Event 67742721 ) Event Info | MC 11 | HAS LDF Info| Anay | HAS-LDF | Residuals | Lorentz Angle | friay | Residusis | Lorenz Ange|
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; Wavefront: (sphere) e * - d § — foeo fit
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Mass production of RD started at
Observatory
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Radio detection of extensive air showers

Precision measurements of the properties of cos/m\ic rays
The radio technique is now able to W
characteriz‘ejosmic rays:
-direction

-energy /
-mass

@100% duty cycle —> application on largest
scales at Pierre Auger
observatory
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