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Where do the most energetic particles come from?

Cosmic-ray Flux
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Where do the most energetic particles come from?

GRAPES PoS(ICRC2019)449
HAWC PRD 96 (2017) 122001
IceTop Infill PoS(ICRC2019)318
IceTop Pos(ICRC2019)172 + Knee
Telescope Array PoS(ICRC2019)298
Auger PoS(ICRC2019)450

20 *400004 4% Auger E Scale U Balioon and
—~ 10 sett? !15 k fl Yo Auger Energy Scale Uncert. . .
n o oee.s 1 b Satellite experiments
| -
g ]
% ) —>EAS experiments
T, 107 x

1 -

b Tibet 111 ApJ 678 (2008) 1165 . 18
'E Tunka-133 7 years : . il
= Tunka-Rex PoS(ICRC2019)319 cedsteg: '-\
™ KASCADE-Grande (ICRC2015, QGSjetI.04) “
w
\
>
=
[
o)
=
<
@]
N

13 14 15 16 17 18 19
lg(E / eV) Schroder, PoS ICRC2019 (2020)
- Where is the transition from Galactic to B
extragalactic sources? IR I
- |Is the cut off due to sources or GZK / photo i
disintegration? "o '1lzl L 1113‘ L l1l4l I L1J55' Il 11l61 ll 1117' N l1la' BET 21
- Where are the UHE neutrinos? log(ENERGY eV)

K. Mulrey CRIS 2022



Detecting comic-ray air showers

mass + energy + direction(?)
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Radio emission from air showers

Geomagnetic Charge excess » Generated in the electromagnetic
vxvxB vxvxB components of the air shower

- Radiation pattern, signal strength,
and pulse shapes contain
information about shower
development
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Radio emission from air showers

“Cherenkov-like” effects: signal coherence
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Radio emission from “air showers” in the lab

Accelerator Target Magnetic Beam Pattern
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Radio emission from “air showers” in the lab

SLAC T-510 (2014)

K. Belov et al. Phys.Rev.Lett. 116 (2016) Beam pattern
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Radio emission from “air showers” in the lab

SLAC T-510 (2014)
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Radio emission from “air showers” in the lab

Reproduce pulse shape Scan across the Scaling of signal strength
and signal strength Cherenkov cone with magnetic field
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Radio experiments: cosmic rays

T. Huege. Physics Reports, 620:1-52, 2016. CODALEMA-3 R
(57)

. CODALEMA-2
Yy vy ¥ vy VvYY Yy v VY Yy A A A
Y vv oy > (24)
v v .
v v k
m Y v vy v \ 2 > >
1k vy v v v ;»b‘:br”> A A A A A
v vy v
} ] A Yy ! ' "
I 1 v v v >
\ 4 Yy VY v A A A A A A
v v A\
v A

s © A A A A A A A
o . A A A A A A A A
50% AA A A A , A A A A
- o A A
F A A A
& A A A A A A A A A 4 A A A A
A A A
A A
A A A A A A A A A A A A A A
— 17 A A A
*
I ol A A A A A A A A A A A A A

zenith=45° ek
LOPES

« (30)

Tunka-Rex : * * . * . ‘ .
(25) \ \ . \ \
<. AERA
< DR (153)
b « ) ) A A A A

Tunka-Rex

K. Mulrey CRIS 2022




Cosmic Ray Detection at LOFAR

International LOFAR Telescope (ILT)

Dutch stations
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Cosmic Rays at LOFAR

- LOFAR Radboud Array

A
(LORA) scintillators
* Provides trigger for
antenna readout
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Cosmic Rays at LOFAR
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Cosmic Rays at LOFAR
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Cosmic Rays at LOFAR

Absolute calibration makes radio-
based energy measurements possible
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Cosmic Rays at LOFAR

HiRes/Mia

Pierre Auger Obs.
Yakutsk
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Cosmic Rays at LOFAR

Looking forward...
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Cosmic Rays at LOFAR

_ 30-80 MHz
Looking forward...
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Cosmic rays at SKA

LOFAR SKA

 Xmax resolution: 20 g/cm?2 « Xmax resolution: 6-8 g/cm?2
- Energy resolution: 9% « Energy resolution: 3%
 Core resolution: 3-10 m  Core resolution: 50 cm
* Northern hemisphere - Southern hemisphere
400 A
400 A
200 A 200 -
5 2
5 ¥y 5
3 gtg oa% @ lm
Q o é % @ F) ’ ‘
= % Py = " e
~200 - raf ~200 - $ FOS ‘:
U ..
~ e
—400 -
—400 -
—4IOO —2IOO CI) 2(I)O 4(I)O —4'00 —2'00 (l) 2(I)O 460
Meters easting Meters easting

K. Mulrey CRIS 2022



Radio at Auger

AERA

Auger Engineering Radio Array
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L]
OBS=RVATORY

~150 antennas
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Radio at Auger
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Radio at Auger
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Radio Detection Experiments
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BEACON

Beamforming Elevated Array for COsmic Neutrinos
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BEACON

Beamforming Elevated Array for COsmic Neutrinos

_— (’,
© |
N g \ \A | I'I ; AN
:1_93 - - YRV v, - 3 V‘ Tama e o
S€E Y| B I
_c W H
© 2 A u
Tl; © 2 - A M Avl‘ A AVA'AVAV i, - - 2 N N - . -
ec V AV A CAY v V LAY
= C
$8 A
‘%<1 AAA Ap\ N AALA -~ o 1 AAA A S
> vV YVVUV VPV ! VVV Ve
=3
Qo
(O]
E=4e) V VALSL 4 e RATRA RS
[V
0 100 200 300 400 500 0 100 200 300 400 500
Time (ns) Time (ns)
_— 40
751 B _RRE— 751
e /— =
(Th . B F o 60{ =
o as /! St N\ as | \\/
= !
= I \\\ |
S 30 )} N 30
= .
F 15V : -'H“‘-‘ % 151 a
w vy —~
JA M .
" T ©
oo
-15 -15 Lz o0
Local | el
—-30 Mountainside HPol —-30 3 VPol - -20
-90 -45 0 45 90 -90 -45 0 45 90 0
Azimuth (deg) Azimuth (deg) Frequency (MHz)

D. Southall et al arXiv:2206.09660v1 2022

K. Mulrey

Candidate CR event

CRIS 2022




Radio emission

* Antenna optimized tor horizontal showers
* Bow-tie design, 3 perpendicular arms
* Frequency range: 50-200 MHz

* Inter-antenna spacing: 1km \\ v
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In-ice radio experiments

Balloon +
antenna

payload ANITA
concept

refracted MHz-GHz
coherent radiation

ARIANNA
concept

. NeU’f”OO sub-surface
|n’£ero‘chon antenna array

under-ice

antenna array shower

meter-long ARA
shower .
concept I I ' . Neu’rnqo
Neutrino inferaction
inferaction
coherent
radiation
100 MHz-GHz
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Surface

Deep

forward view

side view

E-field polarization

E-field polarization
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33 ice thickness (m)
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4
; : Clean air/snow sectors
I *

Make use of the thick ice in Greenland
Design based on ARA and ARIANNA experience
35 stations with ~1 km spacing

Design study for IceCube Gen2
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Diffuse Flux, 1:1:1 Flavor Ratio
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Cosmogenic: UHECR constraints, van Vliet et al

10 Cosmogenic: UHECR + pure proton, Muzio et al

10 E Astrophysical: MMA constraints, clusters, TDEs
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Where do the most energetic particles come from?

Galactic: SNR ? Extragalactic: AGN ?

Hillas criterion:
Emax X Z e B r

Ere, max= 26 X Ep max

Indicates the maximum source

]0'9§||||| RS S A LR EEREE R R Y s S R R ° Below1o19 eV, Can’t p0|nt
mwf_ s R e directly to sources

B ‘ - Transition to heavier composition
10"7 =

energy is reached

| lIlIIIIl | llIlIIll | Illlllll | IIlllIll L

Scaled flux E2> J(E) (m2sec? sr'eV'3)

105 == \
E light particles . .
i \ To answer this question, we need to
o determine the energy and composition of
- cosmic rays.
14 III || IIIIIIl | Illlllll | IIlIIIIl ki Illllll | ||ll|l|| i || L
‘]014 1015 ‘]016 1017 1018 1019 1020

Energy  (eV/particle)
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Radio emission from “air showers” in the lab

Cherenkov effects (simulation)
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Event Analysis

- Simulate ~30 P and Fe showers with realistic
atmosphere and known arrival direction

(natural distribution of Xmax) X2 _ Z (Pa.nt _®Psim (iEant _@ Yant - (ya) ) ’
radio — ~

- Calculate reduced y2 for each Oant -
simulation

antennas

« Parabola fit determines event Xma
” Eradio — fr X Esim

+ Resolution < 20 g/cm?
Free parameters: energy and core position

« Systematic uncertainties < 9 g/cm?
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Cosmic Rays at LOFAR

CORSIKA + CoREAS
simulations

Radiation profile in shower plane

T. Huege et al. AIP Conf.Proc. 1535 (2013) no.1, 128
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