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Radio detection of high energy particles
A short outline
Emission mechanisms and scientific motivation

Shower maximum: proof by Tunka-Rex

AERA

One of several methods: slope of lateral distribution

Current experimental results

Auger Engineering Radio Array
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JCAP 01 (2016) 052
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Future developments
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Radio emission of showers
The story of the two effects and the refractive index
•

Radio emission of showers can be explained from first principles and three aspects
•

Magnetic field: Geomagnetic field, Lorentz-force

•

Charge imbalance: Particle Physics processes

•

Index of refraction: Relativistic compression
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Radio emission of showers
How do we know this?
•

The key evidence: Polarization
•

Geomagnetic effect: Lorentz-force,
polarization orthogonal to shower axis
and magnetic field

•

Askaryan effect: Polarization points
towards shower axis
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Radio emission of showers
How do we know this?
•

The key evidence: Polarization
•

Geomagnetic effect: Lorentz-force,
polarization orthogonal to shower axis
and magnetic field

•

Askaryan effect: Polarization points
towards shower axis
30 - 80 MHz
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LOFAR, JCAP 10 (2014) 014
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FIG. 2: The
set of normalized Stokes
that characterize the polarization footprint of a single air shower.
Radio
emission
ofparameters
showers
Refer to the caption of Fig. 1 for the meaning of the symbols.

How do we know this?
•

in the data points, reflecting the layout of the antenna

The
key evidence: Polarization
stations.

LOFAR , Phys. Rev. D.94.103010

The angular dependence of the circular polarization is

clearly
in Fig. 3 where
the footprint
• most
The
twoseen
processes
stem
from of the

Stokes parameter V is shown as obtained from the simuslightly
different
heights
lation
and data.
As expected,
see Eq. (3), ê~v⇥B~ is the axis
of anti-symmetry, where V changes sign along ê~v⇥~v⇥B~ to
~ . difference = phase offset
• -ê~vTime
⇥~
v ⇥B
In analyzing the accumulated data from LOFAR we
between
emission
concentrate
on atwo
distance
of 100 m from the shower axis
since
this
is
close
to
the
distance
where Cherenkov efcomponents
fects (relativistic time compression) are large and thus
the pulse will have a flat frequency spectrum within our
• observing
Leadswindow.
to circular
polarization
From the maximum
values at 100 m,
as can be read from Fig. 2, where = ±90 , one obtains
V /U ⇡ 1/3 giving ⌘ ⇡ 0.3 using Eq. (3).
In Fig. 4 the measured values for U/I and V /I are
FIG. 3: The footprint of the value of the Stokes
given for all antennas at a distance between 90 and 110 m
V -parameter
for a measured
air shower.
The
• from
the core for
114to
high-quality
events measured emission
Emission
is the
due
both geomagnetic
(dominant
in
air)
and
background
color
shows
the
results
of
the
CoREAS
at LOFAR as given in Ref. [6]. To restrict the analysis
simulation while the coloring in the small circles
toAskaryan
antennas at anemission
angle close to 90 with respect to the
presents
the data. This is the same data as shown in
~ axis, the additional condition | cos | < 0.5 was
~v ⇥ B
Fig. 2 (right most panel), however not normalized by I
• imposed.
A quality cut is radiation
applied whereis
only
data
Geosynchrotron
a those
correction
ofbut< by
1%
to these effects
the maximum of V. At close distances the
are retained for which the measurement error in both
predicted values for V su↵er from numerical instability
U/I and V /I is smaller than 10%. This leaves us with 106
in the simulation.
antenna readings. The average of the data given in Fig. 4
is V /U = 0.32 giving ⌘ ⇡ 0.31 with a considerable spread
as can be seen from the figure. This value supports the
result derived from the single event shown in Fig. 2. The
Stokes parameters are measured in the frequency band
Nelles, Auger Symposium 2019
!6
30-80 MHz. Taking the central frequency as reference

Radio emission of showers
There is also a Cherenkov ring but not Cherenkov emission
•

The emission is only strong if it
arrives coherently (at the same time
for all frequencies, high frequencies
more pronounced effect)

•

At the Cherenkov angle, an
enhancement is seen, in air this is
very close to the shower axis

•

Same effect for showers in ice, but
here Cherekov angle ~ 52 degrees,
so it looks much more like
“Cherenkov radiation”, but it is not

•

LOFAR, Astropart Phys, 65, 2015, 11-21

110 - 190 MHz

High-Band Antennas

If one had the same shower
development in vacuum, it would still
radiate

Nelles, Auger Symposium 2019

!7

Detecting radio emission of air showers
Experimental challenges and opportunities
Jelley et al, Nature 1965

•

Search for a very broad-band
nanosecond scale pulse

•

Detectable typically at shower
energies > 1015 eV, i.e. rare signal

•

Sampling speeds of at least 200 MHz

•

Needs full waveform sampling for
frequency content and polarization

•
•

Preferably stations run independently
at very low power

40 - 48 MHz

Jelley et al Nature 1965, R. A. Porter MSc Thesis 1967,

Duty-cycle (almost) independent of
weather

10 - 90 MHz
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Detecting radio emission of air showers
Experimental challenges and opportunities
ARIANNA Coll., Astropart. Phys. 90 (2017) 50

• Unfortunately, a lot of things
make radio pulses
• Self-triggering and event
identification remain a challenge
• Site quality important

Nelles, Auger Symposium 2019

• New opportunities in modern
data analysis methods
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Detecting radio emission of air showers
Experimental challenges and opportunities
ARIANNA Coll., Astropart. Phys. 90 (2017) 50

• Unfortunately, a lot of things
make radio pulses
NO cosmic ray

cosmic ray

• Self-triggering and event
identification remain a challenge
• Site quality important
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• New opportunities in modern
data analysis methods
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Detecting radio emission of air showers
What is in it for the science?
A. Aab et al., PRL 116 (2016) no.24, 241101
A · 107eV( ECR /1018eV) B , A = 1.58 ± 0.07, B = 1.98 ± 0.04

[eV]

109

•

Radio detection provides and
excellent energy estimator

•

Calculation from first principles

•

Very little systematic uncertainties
(< 5%) in method

3 - 4 stations with signal
5 stations with signal

108

M. Gottowik et al. Astropart. Phys. 103 (2018) 87

107

Simulations only

E 30

Auger
2
80 MHz / sin

6

106
AERA vs Auger SD

105 17
10

1018
ECR [eV]
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FIG. 2. Correlation between the normalized radiation energy
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Detecting radio emission of air showers
What is in it for the science?
•

The radio signal contains more than its power

•

Using its frequency content allows to measure
the energy of a shower from a single detection
to better than 15% accuracy (no detector
uncertainties)

•

Negligible corrections due to atmospheric
effects

•

Auger has so far shown the most thorough
detector calibration, obtaining an absolute
scale uncertainty of 14 %

•

A radio energy estimate could reduce
systematic uncertainties between
observatories with modest experimental
efforts
Nelles, Auger Symposium 2019

C.Welling et al, JCAP10(2019)075

Signal fluence 80-300 MHz

Frequency slope 80-300 MHz

!11

lotted symbols, arising from a very high number of showers (1000 to 2600) per bin.
uncertainties on Xmax in this energy range are about 11 g/cm2 for Auger (Bellido
7), and about 7 g/cm2 for LOFAR. Additionally, there is a systematic uncertainty in
ch for LOFAR is about 0.10 in lg E. As explained in Sect. 5.5.2, such a shift in energy
What is in it for the science?
to a shift in ÈXmax Í of about 6 g/cm2 due to the natural trend of ÈXmax Í with energy
ongation rate).
re, most
the discrepancy
is explainable
within systematic
However,
• ofRadio
pattern
is very sensitive
to Xuncertainties.
max
otable difference in methodology to measure Xmax , direct fluorescence detection versus
tion with
Thehigh
measured
differences inXaverage
• Corsika/CoREAS
LOFAR hassimulations.
presented
precisions
max Xmax ina detailed comparison between experiments, of the measurements and their systematic
measurements, Xmax= 17 g/cm2
uld be recommended in future research.

Detecting radio emission of air showers

distance to Xmax

σ

PhD Thesis A. Corstanje, Update to Nature 2016

footprint width

•
•

footprint width

Tension to Auger FD
measurements
Eagerly awaiting RD/FD hybrid
Johannes Schulz
study to possibly resolve this

5.4: The average
depth
shower maximum
Xmax , as a function of primary particle energy.
Nelles,
AugerofSymposium
2019
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Detecting radio emission of air showers
What is in it for the science?
E. Holt et al., EPJC, 2019

•

Radio emission stems from
the electro-magnetic
component of the shower

•

Attenuation in the atmosphere
is negligible, radio emission of
horizontal showers still
accessible
T. Huege
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Fig. 11: Figure of merit of the diﬀerent shower observables. The diﬀerent mass estimators are corrected for their
dependence on the true primary energy, which is known as input parameter of each simulation. In addition, the
uncorrected ratios are shown providing a more realistic estimate of the potential for real air-shower arrays. The
bands depict the uncertainties due to shower-to-shower fluctuations. All observables are true values derived from
CORSIKA simulations. They do neither include the eﬀects of a specific layout of an air-shower~87
arraykm
nor2detector
specific uncertainties.

•

Combining muon measurements with radio
2
~21 km
antennas
provide
a different
handle
on
as well as optical
detectors, to reduce
the overall uncerlight. However, these
techniques suﬀer
from their limtainties on the mass.
ited duty cycle and atmospheric light absorption. The
latter
composition
2 hampers the air-Cherenkov measurement particFig. 11 shows
the intrinsic mass sensitivities of vari~8 km
ularly for inclined showers. Hence, only the combinaous observables not including detector eﬀects and measurement uncertainties. In addition to the uncertainties
of the individual observables, the uncertainty on the reconstructed energy of the primary particle will impact
the total accuracy for the mass. Therefore, it is an advantage of the new radio-muon mass estimator that it
only weakly depends on the energy of the primary parti-

tion of muon detectors with either fluorescence or radio
detectors is expected to provide high mass sensitivity
for large zenith angles. Coincident events with the fluorescence, muon, and radio detectors of the upgraded
Pierre Auger Observatory will enable an independent
!13
cross-check of the new mass estimator.

Detecting radio emission of air showers
The global neighborhood
•

Multitude of air
shower arrays

•

Many of the in hybrid
configuration, tuned
at different purposes

•

Radio emission of air
showers is
considered a
“standard tool”

Figure: Huege 2016

planned

+ neutrino detectors in ice
ARIANNA, ARA, IceTop, ..
+ ANITA balloon
Nelles, Auger Symposium 2019
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Radio detection of other particles
Why it is interesting for neutrinos?
•

Any shower containing
an electro-magnetic
cascade creates radio
emission

•

A similar experimental
approach for:
•

air showers from
cosmic rays

•

air showers from
neutrino induces tau
decays

•

in ice showers
following a neutrino
interaction

Nelles, Auger Symposium 2019

ARIANNA collaboration

•

All utilize negligible radio attenuation in air
and kilometer-scale attenuation length in ice
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Radio detection of neutrinos
Tau neutrinos emerging from the Earth
•

Looking at tau’s emerging from the Earth, creates large effective volumes for
neutrinos, radio emission is (almost) not attenuated in air

•

Radio detectors probably most effective, when they use mountainous terrain

•

Have to exploit economies of scale for very cheap antenna stations

•

A couple of pathfinder projects on-going: GRAND, BEACON, TAROGE, …

•

Largest challenge: suppress (human-made) background close to the horizon

!ντ

!τ
!τ
Nelles, Auger Symposium 2019
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Radio detection of neutrinos
Neutrino interactions in ice
•

Cold polar ice has attenuation length in the order of kilometers

•

One radio station can typically monitor 1 km3 of ice (= the size of IceCube)

•

Detection threshold around 10 PeV shower energy, determined not by array
spacing but pulse height above thermal noise

•

> 100 km3 needed to obtain sensitivity for cosmogenic neutrinos, neutrinos
from UHECR with CMB, if very few protons at highest energies

•

Human-made background typically much smaller in polar regions, event
identification and self-trigger less challenging

!ν

e,μ,τ
Nelles, Auger Symposium 2019
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Radio detection of neutrinos
Where will it go next?
•

Start construction of pathfinder array in
summer 2020

•

Technology will built on ARA and ARIANNA
experience

•

Deployment in Greenland allows for fast
development turn-around in a less
restricted environment

•

Funding secured
for hardware
in Europe
O(40) stations

•

Proposal for US
contribution to be
submitted
Nelles, Auger Symposium 2019
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Radio detection of neutrinos
Where will it go next?
•

IceCube Collaboration has put forward a baseline design for IceCube-Gen2
that will include a large radio array

•

Greenland array will serve as pathfinder

•

Possibly additional pathfinders to be
proposed

Radio Array for Gen2

• 200 stations.
Sky coverage of locationsThis is a big array!
Areal coverage: order 500 km^2
complimentary
Autonomous
power and communication

Figure 13. Instantaneous sky coverage for diﬀerent radio detector locations in declination
ascension. The field of view is defined to cover the solid angle which contain 90% of triggeri
for an isotropic flux. The sky coverage was calculated for a 60 m deep detector at the So
(green hash), for a 50 m deep detector at Greenland (orange solid), and for an ARIANN
at Moore’s Bay (solid blue), including the reflections at the ice-water interface. Over 24 h
coverage bands for Moore’s Bay (at 79 latitude) and Greenland (at 72 latitude) rotate ho
due to the rotation of the Earth, increasing the field-of-view. In contrast, a detector at t
Pole always sees the same part of the sky.

Nelles, Auger Symposium 2019

positive declination, it overlaps a region of the sky which contain the highest energ
observed by IceCube. For example, the declination band of ARIANNA includes the
event observed by IceCube from the blazar TXS 0506+056 [12], a region of the sky un
to a surface radio detector at the South Pole. A detector at Moore’s Bay would also s
parts of the sky covered by neutrino telescopes under construction in the northern hem
[63, 64].
An important variable in neutrino energy reconstruction is the distance betw
!19
interaction vertex and ARIANNA station. It can be computed from the time d
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Radio detection
of air showers
Figure 9: Left: Schematic view of a horizontal air shower. Right: Horizontal air sho
Where will it go next?

simultaneously with AERA and the SD at the PAO.49

Section b. Methodology

•

The first truly large-scale
The work plan described above shall be implemented through 5 sub projects.
implementation of the radio
Upgrade of the Pierre Auger Observatory
technique

•

First chance to access the
radio emission of showers
of the highest energies

•

Combination of many ways
of detecting air showers

•

Targeting: What are the
sources and acceleration
mechanisms of ultra-highenergy cosmic rays
(UHECRs)?

e/

e/

µ

µ

in practice:
different
response to
both
components
in both
detectors:
response
matrix

Figure 10: An upgraded SD station, consisting of the water Cherenkov detector, the scint
top, and the proposed SALLA radio antenna (this proposal - red), mounted to the mechani
scintillator.
Nelles, Auger Symposium 2019
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* Sub project #1: Antenna design, pre-amplifier, mechanical mounting - PI, PD 1, enginee

Radio detection of air showers
Where will it go next?

Figure 7: Figure of merit for the separation of proton-induced and iron-induced air showers using t
• Auger Radio Upgrade will provide a handle on composition for a large fraction
ratio r defined in eqn. (1), various assumed resolutions for the determination of the electromagne
showers
energyof
with
the Radio Detector, and diﬀerent cut-oﬀs for the lowest (smeared) electromagnetic energ
Left: using Monte-Carlo true arrival directions and knowledge of Xmax for each individual air show
• Due to horizontal sensitivity, access to a different fraction of the sky
Right: using arrival directions as reconstructed by the Surface Detector and Xmax values known with
2 . [33]
resolution
of
100
g/cm
• Different systematics than other detectors of the observatory

Auger SSD 0-60°
Auger SSD 0-50°
Auger RD 65-84°
Auger RD 70-84°
TAx4 0-45°
TA 0-45°

1

dN/dδ / a.u.

Event number per 10 years

1.2

pa
afterwards
adding a data-driven estimate of thetio
s
10
total aperture
called "invisible energy"aperture
carried
to the groundrab
for full efficiency
5
AE
10
high-energy
muons and neutrinos [41]. The energ
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scale determined
with the Fluorescence Detect
104
currently has a total systematic uncertainty of 14%
lu
Radio
103 detection of air showers enables an add
sig
tional approach to determine the energy scaleev
102
the Observatory.
In the frequency range fromde
fil
to 80 MHz,
the atmosphere is transparent for rad
10
am
waves and the radio signals are neither attenuate
pl
nor scattered
(unlike optical and near-UV ligh
1
The measurement of the radio-emission footpri
−1
of an10air shower
thus yields
a precise
18
18.5
19
19.5
20 determin
in
log
(E
/eV)
th
tion of the electromagnetic energy10 of CR
an air show
so
[22, 42, 19]. With AERA, we have established!21tha

Conclusions
Exciting past 10 years, hopefully even more exciting next 10 years
•

10 years ago the knowledge about emission mechanisms and potential of the
technique was limited

•

Community has established a solid theory and has shown the measurements
to support it

•

Both air shower and neutrino experiments are embracing radio detection as a
tool to answer the question about the origin of ultra-high energy cosmic rays
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