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Detecting radio emission from cosmic ray air shows
and neutrinos with a digital radio telescope

Heino Falcke **, Peter Gorham ®

Radio emission from cosmic ray air showers
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" Departient of Physics and Astronomy, Uni anoa, 2505 Correa R, Honolulu, HI 96822

Coherent geosynchrotron radiation



Atmospheric depth regimes and raw pulses
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have a look, __how EAS look I'i'k__e (Nature 435, 2005)
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Detection and imaging of atmospheric radio flashes from ﬂ
cosmic ray air showers
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Renalssance o o Detection: Experiment
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EAS adio-dete’@ln at the Pierre Auger Observatory

. 'L‘ﬁf‘art of radio-detection on-site investigtions fall 2006
~"Mono-frequent background
Quiet in 30-80 MHz down to galactic noise level
But for a threshold-trigger need to look at the time-domain
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EAS ad 10- dete‘%n at the Pierre Auger Observatory

‘?tart of radio-detection on-site investigtions fall 2006
Mono frequent background

But for a threshold-trigger need to look at the time-domain
Transient noise! --- not visible in dynamic spectra
Bl Not suppressible by up-ward coincidence window
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Radio at Pierr,e_'- ;g'er"_Observatory: Prototype Phase

\ 1 [Hoare

Sky-plot of arrival direction of self-triggered
events in coincidence with Auger surface
detector

Typical v x B distribution

Core position around test set-up of 496
coincident events triggered by attached
scintillators

Up to 1.5 km with E-threshold of 0.4 EeV.
Polarisation In agreement withi V. x B

] inst

Sélf-Triggering!
But low efficiency and purity

Auger Observatory ——



Developpel

Increasing c

solidation of

uger Observatory: Simulations

fember of Pierre Auger Collaboration

T. Huege (Helmispltz- Group)
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-' S by detailed comparison

MGMR

Dave's model

EVA

time-domain, analytic, parametrized shower, fast,
free parameters, summing up ,mechanisms*

frequency-domain, analytic, parametrized shower,
fast, free parameters, summing up ,mechanisms"

frequency-domain, analytic, fited CONEX
shower,summing up ,mechanisms"”

¥ [Milz)

SELFAS2
-

il

SELFAS2

REAS3.1

Kalmykov et al.

ZHAireS

CoREAS

time-domain, shower from universality, summing
up vector potentials for tracks

time-domain, histogrammed CORSIKA showers,
endpoint formalism, open source

frequency-domain, CORSIKA showers,
ZHS-like formalism

time- and frequency-domain, Aires showers,
ZHS formalism

time- (later frequency-) domain, CORSIKA showers,
endpoint formalism




Raglo at Ple‘@ ug'_er Observatory:. Simulations
Macr3§c

pic model: -
= Tim riation of tr Srse. current

- Time vegation of charge access
Compatible
microscopic mode]: é  Shower i

- end-point formalism

W James et al. Phys.Rev.E (2011) '_/(
Separable with Polarlson! N © ShowerFront NS ShowerFront

Depending on antenna-
position w.r.t. shower core
constructive or destructive
Interference

_? Shower Axis



Raglo at Pier -ug'_er Observatory:. Simulations
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MacroBeopic model: . “ama
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Raglo at Ple‘@ ug'_er Observatory:. Simulations
. Macrosc '

pic model: -
= Tim riation of tr Srse. current

- Time vaation of charge access
*  Compatible
microscopic moade):
- end-point formalism

®

\ '-/( Shower Front N _ Shower Front

Shower Axis : _" Shower Axis

Time Compression: X
* On Cherenkov angle emissions
of moving source arrives at same ime

In dense media:
* N0 geomagnetic,
but Askaryan dominating
 Smaller scale of shower
— higher frequencies



“\Radio at Fjﬁrr_e Auger Observatory: AERA
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Radlo at F)ﬁrre Auger Observatory: AERA

Deployed in Fﬁﬁ
Phase I: 24 |
Phase II: +100 |
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https://doi.org/10.1093/ptep/ptx009

: Optical link (later wireless)

LPD Antenna
30-80 MHz

GPS Antenna

Solar panel

Electronic box:
digital electronic
(4x 12bit 180MHz ADCs)
analog electronic
batteries
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SALLA-Antenna
30-80 MHz

W
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Electronic box:

Solar panel
digital electronic
(4x 12bit 180MHz ADCs)
analog electronic
batteries




P. Abreu et al 2012 JINST 7 PlOOllT

Aperture 2 MHz
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Radio at Rjerre Auger Observatory: AERA
Deployed}h\hgﬁe phases'FM, = LPDA 180 MHz
1

Phase I: RDS in 09/ LPDA 200 MHz
m spacing”™

Butterfly 180 MHz
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3D Dipole

3D Low Frequency
3D Whisk
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Phase II: 100 RDS in
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Phase lII: 25 RDS in 02/2015
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Wifi comm
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adro at If’d&re Auger Observatory AERA

Power; ~ 13

Communication:
 optical fibre in Pha

* Ubiquiti buttel/rocket Wifj.
with concentrater in the’
and at FD-building (Coihu

Continuous data taking, ~20GB™da\v:
* External triggered JINST 11 (2016) P01018 11 :
 Self triggered e

* Periodic 100sec (e.g. for realistic norse) : -

» Airplane trigger N -/

Time synchoernization: -
» Beacon with 4 freguences, at Corhuem- <
» Calibration using ainplanes ' '

= e -



Spikes are _\/_ery similar to EAS

Twmd:ﬁerent Ansatz: e

Buffer Signal'long el ough to use trigger from Auger
(up to 7 sec, power{conssuming)

Use additional Szintillator as local coincidence trlgger
(i efﬂmet i€ ovu: ds horiz -
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Polarization clear sgigna" re 'fd'*r;;_emission mechanism

US/UK World Magnetic Model -- Epoch 2010.0
Main Field Total Intensity (F)

Fit of charge-excess fraction to-polarisation data

expected to measured polarisation
with on average 14% charge excess contribution

- /

>t Phys. Rev. D 89 (2014) %%

p P—’;fr )—}
50__ a = 0 = pure geomagnetic 50l a=0.14 = geom. + radial
L Y L .~ 3
= | 3 ¢ = | "
g o ! f” £ o ﬁ
T ’:i ) =L aﬁ.
4 X ndf=27 st X Indf=22
CL p,=08270(20) T p,=09370G(20)

Earth-magpetic field at
_.the Pierre Auger '
- Observatory ¥z of that in

F. CUTOPE. s :




= 0 - Reconstructed radio cores in shower core frames
Polarization clear signature for emission meche '
Fit of charge-excess fraction to-polarisation dat copare®
Significant increase in correlation of vith mltipictyzS | |
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~_AERA: Energy

Emission well understood] -

Optimal EM detector for i iclined shower

No attenuation in at-mospliere

Composition sensitivity promissing

High potential for absolute e-scale
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: & Correlation with well calibrated Energy measurment

Radiation energy in 30-80 MHz for

1 EeV CR perpendicular to B-field:
15.8 £ 0.7 (stat) £ 6.7 (sys) MeV
Direct access to calorimetric energy in
the electromagnetic cascade of EAS.

T
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Paradigm change:
From: Sym. LDF characterized at optimal point (S1000)

To: Integral of signal like calorimetric measurement

-
Radiation Energy Amplitude at optimal
lateral distance
E30—s0 MHz il
i A
o f A%d%r
Supplement to
- Phys.Rev.Lett.116.241101 |
The Radiation 11.9 MeV 0.70mV/m  The optimal lateral
Energy reflects Adger jaltitide distance and the
the calorimetric (1560 m a.=l.) amplitude measured
T ¥ A
energy of the air ' ' there uary_wm
shower. Itis v N observation
independent of ' ' altitude (even after
observation v 5 charge-excess and
altitude. 119 MoV et (.56 mV /m zenith-angle
LOFAR altitude ConEton),
(sea level)

electric field amplitude A[mVv/m]

Stage: 4.5
¥2Ndf: 22.2/ 19
—a— candidates
+— not-triggered
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Ch. Glaser et al JCAP09(2016)02

M. Gottowik et al.,
Astropart. Phys. 103 (2018) 87
E.__:3 % stat, 2 % sys.

emag”

Better understanding of detecto
Calibration of LPDA

Better undestanding of emission:

4

Paper to be pubished soon B el

A. Aab et al 2017 JINST 12 T10005

Source of uncertainty / % Systel

matic

Statistical

flight dependent uncertainties 6.9 2.7
transmitting antenna XY-position 1.5 1.0
transmitting antenna height 0.1 0.6
transmitting antenna tilt < 0.1 < 0.1
size of antenna under test 1.4 -
uniformity of ground <01 -
RSG1000 output power 29 2.3
influence of octocopter < 0.1 =
electric-field twist 0.4 0.2
LNA temperature drift 1.0 0.6
receiving power 58 -
background 0.4 -

global uncertainties 6.3 < 0.1
injected power 25 < 0.1
transmitting antenna gain 5.8 -
cable attenuation 0.5 < 0.1

all/ e 9.3 4.7

B

108 .
B = 2.000 + 0.001

COREAS #*

107

p=0.0053
0=0.075 -

10°

corrected radiation energy 54 [€V]

=050 -0.25 0.00 0.25
(data-fit)/data

108

corrected radiation energy Sraq [€V]

o 107
55 MHz 0o
H
o
10°
—100
A~ -0.50 -0.25 0.00 0.25
(data-fit)/data
o=
£ 1018 101
Tg) ___; electromagnetic energy Eer, [eV]
-
o o~
. ]

gl —— Simulation
| ¢+ Measurement

-—

T e



o
@
o
=

o
@

o

General strategies:
k. L. . 5'\\13\' :
: - : e i A P\),\ﬂ‘en s '°| Xmax reco = 612 g/cm?
1) Use simulatieg to fit the measured amplitudes C - R R R R

S. Buitink, PhyBxRev. D 90, 082003 e

&ERA Composition

1. X __ from the é'ﬁ'érgg 2. X __ from spectral 3. X __ from the arrival

max max max
density footprint information time fit

2) Direct sensitivity fréig radio

2.a) LDF

D3JD Jun sad
fifJaua uonoipoy

2.b) Frequency

"
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2.c) Wavefront
3) Combined sensitivity fon Gausn £ v 495 omtow =1
3.a) radio+WCD

3.b) radio+muon
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Probability density

Probability density

AERA '--Cofnosition fitting MC

0.010 +

o
o
o
o0
il

0.006 -

0.004 ~

0.002 -

0.000 -

Ig(E)=1{17.50 — 17.65)

N=167

IglE) = (17.65 — 17.80)

N=150

Detector not unfolded!

500 600 700 800 900 1000
Xmax [9/em?]
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N=127

FD mix
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Comparison to
FD measurment!

~600 showers
after quality and
anti-bias cuts!




AERA '~-Composition fitting MC

—— EPOS-LHC Auger FD (£aa) —— EPOS-LHC Auger FD (£ ggsr)

== Sibyll2.3d B AERA (0. < o == Sibyll2.3d M AERA (og)
— QGS|etl-04 —- QGS|etl-04
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Phys. Rev. Lett. 132, 021001 (2024)
Phys. Rev. D 109, 022002 (2024):
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Phys. Rev. Lett. 132, 021001 (2024)
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Low-energy FD extension

—==- Auger FD (HEAT)
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—— Parameterized fit
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Auger Radio
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Phys. Rev. D 109, 022002 (2024):
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Energy [eV]

sy At higher energies promising resolution!

e e L

—



Xrhax with Int' grometry

There have been several attempts to apply radio
interferometry [4,5,6] for estimating air showers parameters
Below the basic steps are shown for scanning the atmosphere|
to find coherent emission from an air shower according to
the method published in [1,2].

(2 Ve
1) Measure signals 3) Delay the signals and sum them

{only three shown in example) , |
I

\\ /

1| -*I ;“I. * . " | . ...-.

i 4) Scan through space to identify )

the air shower

-

2) Calculate time delay for
each antenna to a location
i Space ° : Air shower
i axis
Location of

coherent
maximum

(note different scales
on the x- and z-axis )

PoS(ICRC2023)380 H.Schoorlemmer
for the Pierre Auger Collaboration

Ni

Beacon synchronisation

500m

M
L]
L'
=

o
3

Depth of Max. Interferometry (g/cm?)
by 2
[=] L=

e
8

o synchronisation
i 1) Apply beacon
synchronisation and
locate the air shower
axis in a plane
perpendicular to
initial guess of the
axis.
500m
Z (km)
2) Reconstruct air t12
shower properties: r10
a) track the axis = [ 8
b) fitaxis witha Yo ag
Etraight linel Location of N
¢) find location of maximum
maximum of the =
coherent sum on 122100 e =6 y(km)
x(km) ~72_5 -8
3) Relate the location of
- maximum from the
= interferometry to the
- > location of the maximum
Legend of the air shower by
—— Conversion line generating a conversion

—— [nterferometry Method linE using a-ir Sht)
Verification Method . .
| simulations.

600 T00 80O 900 1000 1100
Depth of Max. Particles X, (g/em2)

™ R - el



https://pos.sissa.it/444/380/pdf

A’ Calibration & Aging

" Fit strength of Galactic noisefrom periodic triggered events

Compare to models for Galactic noise
Long-term stability 0.32 = 0.51% per decade

- Channel

- North-South L UHECR 2024
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Pierre Auger O‘I%ervatory Rad|o+WCD

— WCD
— Top Scin

Radio for incliiged showers i AugerPrime,

arxiv 1604.03637 )

|

L LR R R R RN NN RN

-
=
TTTT

Radio as perfect¥&M and
WCD at large zenitisgangles as perfect muon detector

Emp,.¢/ (Muon+ Ern“+Em,“d]

-
TTT

Proof: Radio at Iargé hith angles works!

8= 45 [deg] log(E)=20.00 [eV]

1u—1|||||||||||||||||||
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Radio footprint > particle footprint
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o
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Axis distance of furthest station / m

A. Aab et al JCAP10(2018)026
DOI 10.1088/1475-7516/2018/10/026
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https://iopscience.iop.org/article/10.1088/1475-7516/2018/10/026
https://iopscience.iop.org/article/10.1088/1475-7516/2018/10/026

Pierre Auger Ob rvator . Radio+WCD

‘g-& — p 4  data

18 preliminary — Fe 4 profile

Muon numb --measureé-
with the WCD™ e [

~-  Sys. uncertainty

——+— | UHECR2024

Energy estimation Wjth AERA

Data period (Auger Ph ____‘e ) m” —~ i - m+ . i
26.06.2013 — 31.08.202 1% %10, GOV &5

=5
37 high-quality events with "\ IS e e

WCD energies between - D
~4 to 12 EeV

0.7 20

Strongest cut: EEM > 4 EeV

(enforces full efficiency: of the WCDJ&L._. W—.—ﬂ

Systematic uncertainties: 10% ol N &

-==h"'_




Pierre Auger O‘I%ervatory Rad|o+WCD

— WCD
— Top Scin

Radio for incliiged showers i AugerPrime,
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Proof: Radio at large zenith angles works!




developme for AERA®
2012 JINST 7 P100 0

LNA with 18.2 dBsgain
in 30 — 80 MHz, 0.3\

Front-end electronic bod d, 2.4 W

Filter-amplifier and 2x 250 Mz Toai GPS (tming)
12 blt ADC b : a8 | communications

Connected to digital port of UUB ~ solarpane

Mechanical structure to _ o
mount on SD-clams o el

R e — o = o, e s
e g S 4D
e S o


https://iopscience.iop.org/article/10.1088/1748-0221/7/10/P10011

‘Extension

4 Timeline of commissioning up to 2024-12-31 08:32:19 (UTC). Number of stations = 1624

Deployment GPS tracks
< AISD
@ BD taking data

Observatary
building

Test site

time after Jan 1, 2022 [days]



AugerPrlme Ragua Extensmn large event!

Largest Radio CR detector
(deployment ready 2024-10)

+_'_++++:_;_' #ie o 00 00 R RD SD

++ +0++ ....... L
S sseessse Azimuth (deg) | 156.99 157+0.1 . ST
10 | ++++++++.c.-1»-..0‘.‘.'-.-.......- Zenith (deg) 84.7 84.7£0.1 FI rSt p rO m ISI n g d ata
A PR A AR Sl * Energy (EeV) |36.23 +3.34 38.55 +2.92
+++ 4+ E 0 g0 00 Core X (km -19.8 -17.40+0.88 - =
R AAASARRUCCLN el B aaiaappndl FLi|| reconstruction working
A EEEEEEREE ERE IR N A U ;
0{ . cocnss, soosssnsnssnsrnnasnd Moo Good agreement with SD
. DO e e o0 e 00 4+ +H+t+F+++++F+F+FF -t
g gy S
. . . [ ++ oo+ e+ + + + + + + + + + ‘80 [ 19.81 3 "/'
ﬁ + e e o0 e o . c++ L R + + + + @ H — ' Data 09/2023-08/2024 # 78
>\ - 10 | r* ++.+++.+.+ + v .++++++++o.o++.++o.++.+++++-.+++ t L= 196 _______ 1:1-[ine il
+ 4+t e+ R R E R R L R e & > 4 -
Tk A + o+ FFFFF '60 "~ 19.4/ 76—
+:+++++++++"U+'...‘. i +++ ++.++++++o++.¢.o.o 5 %)
+ +++ ARy A [ + + +.a ..o...c. @ 19.2] 74&
—20 ] ++++ ++++++++++0.¢ AR RN o@-.o .... o+ -40 5 19.0 =
. e+ s o0 +eo e EEEEEERE s . =
« RDinstalled ++ee+++e00cceecsss = oy
n +—++++.++++'+o+++ oooooooooooo | 20 - == 188 ﬁ
#» CoreRD - B E
_anl & CoreSD . =72 a 70
30 0 18 4 '.'. A W ]

30 -20 -10 0 10
37 x (km)

e 18:418.616.819.019.219.419.619:620.0
WCD energy [eV]

e, = e~ mﬁﬁm




AugerPrlme Ragua rExtensmn large event!

Largest Radio CR detector
(deployment ready 2024-10)

+++:_;_' ‘_;-_+-'.+ ooooo R .. RD SD
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Large potential for neutral particles

Full potential of hybrid analysis not yet known ‘
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I}g@llo emission at GHz

anechoic RF absorber
ham et al.: il

periodic

(040) ntl nuum antennas i - Aluminatarget Equivalent shower

(2-14 rad. length) energy 3.36 107 eV

\
Accelerata? easuremen
“Observationsgof microwam
emission from & shower plasmas”
Phys. Rev .D. 787%g008)

SLAC T471, July 2004

SLAC T471 experiment

28 GeV e- beam
1-3e7 e—/bunch
(up to 1 EeV

total energy)

Insensitive to
y £ radio
1.5-6 GHz, cross—pol. Cherenkov

T,s = 400K Molecular Bremsstrahlung

100 beam shot avg.

c Faraday b :
i Target for different shower ages

g;::lured Isotrope emission like fluorecence,

attributed to but about to 100% duty cycle

molecular . ,
cnccamel Started extensive search ANMBER,

g _EASIER MIDAS, CROME; MAYBE, AMY

D e no suppréssion Expectation, i a._.ﬁ ol = = Wﬁt U H ECR
full suppression emission 2@ ) -ER

enhanced by & e -‘_ L

Time relative to beam entry, ns i B g = - —_— e e . = =i, -
—— .- — o - e e — 46
v‘fd"" Gl i T —

Received Intensity, Watts m=2 at 0.4 m

.-



X Bﬁle emission at GHz

foIIow—up coeriments towure GHz The Air Microwave Yield (AMY) experiment - A
A

Molecular msstrahlur ANY: laboratory measurement of the microwave emission
x \a - from extensive air showers
Detected signal tGe,small for EAS J. Alvarez-Mufiiz', M. Blanco®, M. Bohagova’, B. Buonomo', G. Cataldi’, M. R.
Coluccia®®, P. Creti*, I. De Mitri**, C. Di Giulio’, P. Facal San Luis*, L. Foggetta*, R.
dete Ctl on (AR E NA m 4) Gzi:f-’{f IaD. Garci:F:arnantE!ezl' ,rll'ul. Iarlarli'-",.l‘?: ::a Caz'ﬁ,{::. L::Ies:ilzr%ew::gel-{.a

Experimentally challa 7
reflections and RFIl sourees.
AMY EXPERIMENT

f Louedec™”, I. C. Maris®, D. Martello’*, G. Mazzitelli’, M. Monasor®, L. Perrone®, R.
ng because 0 Pesce'!, S. Petrera”, P. Privitera®, V. Rizi’, G. Rodriguez Fernandez’, F. Salamida'”,
G. Salina’, M. Settimo”, P. Valente', J. R. Vazquez'’, V. Verzi’, C. Williams®

: G e 3 succesful tests at the BTFE

ebeam  WE * |nterpretation of cross-pol signal unclear
BN o . (Cherenkoyv, MBR, ...2) .

sLAC RO Strong coherence mnduced by LINAC

energy deposit

. MBR the yleld inkaiE shower should be
* MBR ~ energy deposit . - IO --‘_ _,: ._ .
* shield from outside 7 _ - -D n :t ' -. X == = ,4 F'G ‘ﬁ -/ 2/-HZ
radiation ¥ob | = & #'e 2 _. =

|y > | : of . e - - - = v =
* avoid reflections - ] e = . - e g e

within the chamber



Three sethp :
AMBER (P. Gerham)

MIDAS (P. Pri

tera)

EASIER (A. LeteSsjer-Selvon)

Events observed by E¥

g
i

mean - mavimam

sandas dev.

s 53§
:

SIER:

__;_'I--"'-_-_'l_l_-__l'l__--l
1"I.l'

ity g v Mo g m N 00 N Y
r" L N:?‘u& il ,‘.f-m ot gl L " . ;
evont: 20830870 5‘; I st 2100010 %‘% oveet: 12046376
i quWWWM WWWWWW‘ ?‘.’!‘!”_*_*F ' rriww o L
Auger 1d ] 12046376 20830870 | 21050180 | @009 | N Loioeboo
station 342 429 306
date 2011,/06/30 2013/01/03 2013/02/07 |
energy [eV] | (1.32 £ 0.12)x10" | (1.71 + 0.1)x10" | (2.56 + 0.41)x10"®
zenith [°] ‘ 29.7 £ 0.3 55.2 £ 0.1 474 £ 0.5 ‘
azlmuth[ ] 3434 + 0.8 33.8 + 0.1 289.4+ 0.6 ¥
Distance to axis [m] 136 + 40 268 + 11 193 + 15
At to trigger 1 2 2
radio maximum [sigma) 11.86 11.23 11.05
polarization E-W E-W E-W
time length [time bins] 2-3 1 1-2




R ggeno at GHz: CROME

Cosmic- R)y Observatlon ViE \j lcrowave Emission

5 vertical tilted

dio antennas o o o , FASCADE
11 Grande Stations ERGRRES. JASEREEN

Diameter: 0.9 - 34

Freguency range:
1.1-1.8GHz, 3.4 - 42&' 7, K Grl7

100% duty cycle
Ext. triggered by KASCADE-G nde:
e 12 out of 12 surrounding KG- n
» 800 trigger/day '

KG reconstruction:

* 0.8° for the arrival direction B!
* 6 m, for the core position i
* 20% for the energy.




_R@dlo at GHz: CROME

30 events in c-band
KASCADE-Grande
shutdown 5.11.2012

Ku band (11 — 13 GHZz)




Radio at GHz: CROME
T. Huegedet al., ARENAZGIZproc.

at formalism and realistic refractive index

Cherenkov-like ti compression due to refractive index gives shorter
(higher frequent) &

S
o

Id strength [L'V/m]

50—

field strength [uV/m]
o

0 R -100

50 [ 2 - 2 R P

200 ' ' ' ' ' ' -200
200 150 100 50 O 50 100 150 200 200 150 -100 50 O 50 100 150 200

east [m] east [m]

e



Radio at GHz: CROME

5 verticalNilted radio an@% _ 30 events in c-band

Diameter: 0.9 3.4m = s - KASCADE-Grande
BEAS SIMUIALON shutdown 5.11.2012

llOe

ron primar
p )’ 1ts E=25x10"7eV,0 = 56°%® = 353,6° R = 119.8m
(3444.OGH) 400|1||1|||||||| """""
Z w— Channel 1
5 300 -=== 848 threshold ||
200 . 100 <
| a Verncal antenna = T|Ited antennal 5 200
S
150 |- — = & 100 |-
80 — 0 [P I | |= | WG L
100 |- - > —~5060 —5040 —5020 —5000 —4980  —4960 av
= Time after trigger [ns]
<
E SO0 1 Meo 2
o D E=37x10"%eV,0=3.7°,®=3173%R=111.7m
: 0 -DL: 50 I I | ] 1 1 1 | I I I | LI e ——r e ———
—— — — w =— Channel 1
£ o SO " i -==- 8B threshold |
= = = T U
D ; - = Channel 2 I
E 50 kL | 40 = S il [ | T | S i -=== 8B threshold 0°
— o]
d =
it
o i
_100 B N -H [ L1 1
20 3 ~5080 5060 5040 5020 5000  —4980 S
—150 |- — = Time after trigger [ns]
u
200 | | | | | | | 0 10N properties: :
—200-150-100—-50 0 50 100 150 200 "t pulses (~5 ns) + emission seems forward-directed

Easting [m] stly single-receiver (only two stereo events) * signals originate from >2 km I
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e

Atmos‘@herlc E-Fields

J\\
Very hard Y parametrize't

Hr% 7 lex structures
inside (thundggclouds ﬂp

Fair weather ~ \//m on ground Ievel
thunderclouds wittiéextends of several km up to
~ 100 kV/m :

Balloon soundings by Stjzenburg et al. found
several layers with interchiaging field polarity
and variation on rather shori®

Clear influence of lightnings on%j
development

Free electrons from ionization can be
accelerated and induce current pulse : 200 "100 0 100 200

ELECTRIC FIELD (kV/m)
Produce large number of slow thermal }
electrons, but can ionize molecules themselves

Runaway breakdown: s S i
2 [ ;" o L ) /

--r'- g

c,. =~ 100 — 1“[1 11\ /111 =3

= a e ’ 0.1 10 10
.t - e ELECTRON ENERGY, E(MeV)
o :.--l".—:l - P e P o o e
i = i

L S —

HEIGHT (km)




e\tmospheﬂg»E Fields and Radio Emission

Strong atﬁ"kosphenc fields*have, "'nlflcant influence on radio emission due to charge
separation amg acceleratlon‘_‘- ization electrons (Charman, 1967)

Effect similar to™
magnetic field

Perpendicutar:

Electric force in same/ opposite
direction of Lorentz force
- amplification Or attenuaton

Parallel:

Accelerate only one particle type
- asymmetry in the trajectory

Change in polarization pattern: superposit %f particle reSpOnses o magnetlc & electric field
Altered amount of radially pelarized emission e to m_ﬂe,ased HEl é"'excess ontrlbutlon

Publications for experimental observatlon_sf(n o :J e 'J ———
Mandolesi, N., Morigi, G., & Palumbey, G, (1874, J. "irerJ . :7116‘“‘ E ——

LOPES (Astron. & Astroph. 467 (20073 1"-44,) S == _;-_'_. e
LOFAR (Phys. Rev. Lett. 114 (2015) 465001 e e e = -



'""\@tmosphe‘ri&E-Fields: Radio EAS Events
Mean amBﬁ.'ation by on wor lje;r of magnitude
Many events Would normially*be below detection threshold
TS cond. outliersspost likely due to mis-identifaction
No obviouse correlaion with E-Field strength or polarity

A

w
|mean eField| [V/m]

/| * neqg. eField
../ | = pos.eField

F eniunes

A1
yd
—x10
—x100

T T

x*/ ndf 12/7
—x1000 | Constant 1.5e+02
Mean -0.0032
Sigma 0.1




%@tmosph%E-Flelds: Radio EAS Events

Gl T
Twin eveNth & W/0E Jj criteria Alog(E)<0.1, O<5°
One measuredyduring normal one during TS conditions

Signifcant increasg, in size of footprint (note different color scale)

Low number of availgble pairs in this analysis, but promising approach for
systematical detector 3 iLidies (energy resolution,

200 % 0 g 2 0
200-150-100 5070 BO 100 150 200 = 150-100 50 0 50 100 150 200
osition in ﬁxﬁ-dirsctinn m ] osition in fxg-directinn m

s
Vi)

o
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ty
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=
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https://doi.org/10.1029/2019JD031433

| '__g-_:E-FieIds: Lightning events

fmatch Radio-signals observed hips:idoi.org/10.1029/201930031433

amplitude [a.u.]
amplitude [a,u.]

E,
h;
_-: 00 =150 =100 =50 1] 50 100 150 200 -200 —150 —100 =50 0 50 100 150 200 E3 7= E
time [ns] time [ns] v E 3
13
Figure 1. The simulated radio pulse, including the effects of the band-pass filter, (left) is compared to measured pulse —>
(right) for the two polarization directions of an antenna from Event #8. The vertical scale of the model calculation is in 0 E

arbitrary units (left) and the digitizer units (right) for the measurement.

10— - 1.00 — . 1.00; s 1.00,
T- *  simulation
. }  data 0.75 0.75/ 075/
0.8
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E S o000 5 o.00 b 5 000
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0.2 .
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g 2 2 see | . . 2
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B ] B ]
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https://doi.org/10.1029/2019JD031433

LOFAR si

Jlating e-Fieldgg

match Radio-signals observed

Calculation

I1

Energy (eV) 1.4 x 10" 4.6 x 10™° 4.0 x 10™°
Layer 1 21311 2 13 1 2 3
h (km) 13.3[ 7.9 [2.8]16.7] 9.3 [2.8] 7.6 [3.3] 1.6
E (kV/m) 14 | 14 [103] 41 | 17 |104| 15 |107| 42
a (%) 156 |-125[101| 104 [-109|104|-103|119|-109
Xmax (g/cm?) 526 634 743
Ximax (km) 7.3 5.9 4.7

XSD 3.02 3.36 3.36

Xe 4.41 4.14 3.15

2 8.2 13.3 8.4

Normalized current

10
height (km)

Atmosphgmc E-Fields: Lightning events

e 6.9

charge at height where fields

change

https://doi.org/10.1029/2019JD031433
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A mosheric----FiéIds: AERA Lightning events
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Configuration: 3 clusters: e
* Core: 4 stations, ~ 100 m |
* Medium-range: 3 stations, ~ 2 km

* Remote: 4 stations, Auger scale




Radio Detection developed
since the renaissance
since 2003
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