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Who am I?

• Currently: Professor of Astroparticle Physics at 
Friedrich-Alexander-University Erlangen-Nürnberg 

• AND: Staff Scientist at DESY  

• Brief CV: 

• Diploma in Physics from RWTH Aachen 

• (and Master in Business Studies) 

• PhD in Physics from Radboud University 
Nijmegen, The Netherlands 

• Post-Doc at University of California Irvine, USA 

• Emmy-Noether Group at Humboldt-University 
Berlin

As far as one can do this online
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Outline of today’s lecture

• Outline 

• Scientific motivation of radio detection of particle showers 

• Underlying physics of radio emission 

• Air shower experiments 

• Neutrino experiments

Rough idea what will be covered
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Multi-messenger Universe
Where are we at, at the moment?

see also Introduction by Karl-Heinz Kampert
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Multi-messenger Universe
Where are we at, at the moment?
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Radio detection of particle showers
Basic idea, suggested already in the 1960s

• Particle showers create radio emission (see next slide) 

• Radio waves are not attenuated in air/ice like light  

• Radio antennas are cheap(er) than particle detectors 

• One needs huge instrumented volumes to detect the low flux at the highest 
energies 

• So measuring the radio emission of a shower sounds like a useful idea to 
instrument large volumes to detect air showers or neutrino induced showers
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Radio signals
A theoretical introduction
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• Highly energetic 
particles interact 
with medium and  
create shower of 
secondary 
particles 

• Generally one 
distinguishes 
hadronic and 
electromagnetic 
showers 
 

• Hadronic 
showers always 
have a 
electromagnetic 
component
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Radio emission of particle showers
A theoretical introduction

• Radio emission of showers can be explained from simple 
first principles 

• Three ingredients: 

• Magnetic field  
(Geomagnetic field, Lorentz-force) 

• Charge imbalance 
(Particle Physics processes) 

• Relativistic compression 
(Ray optics and relativity)
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Radio 
Geomagnetic effect

Incoming charged particles

geomagnetic field, B

e-

• Electrons and positrons in the shower are subject to Lorentz-force

e+
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Radio 
Geomagnetic effect

• In a shower: many particles 
• Charge separation produces a 

current

• Number of particles is a function of 
height above ground

energy deposit profile has important indirect contributions from
muon decays. For showers initiated by protons of 1019 eV, the
width of the average muon production profile is larger by
40 g cm!2 and the asymmetry almost the doubled with respect

to the electromagnetic profile. The average values and dispersion
of these parameters evolve slowly with log (E), as shown in
Fig. 7, for both primaries (proton and iron).

The differences found for proton and iron profile shapes can
now be quantified in these parameters, with the corresponding
distributions shown in Fig. 8. The asymmetry is almost the same
for both primaries, the difference in means being well below the
5% dispersion in each sample. Since Rl only affects the tails it
can easily be fixed in the following analysis. The Gaussian width,
on the other hand, has different means for each primary, well
above the single primary dispersion, and consistently for the two
hadronic interaction models studied. So, it is a new variable for
mass composition studies, and fairly model independent.

Clearly Ll is giving information about DXl, as it has been ob-
tained starting from X ! Xl

max, with no memory of X1. It can be mea-
sured with ground detectors only. Ll can be combined with Xl

max to
obtain X1 similarly to what is made for the electromagnetic case
[17].

The relation between the shapes of the electromagnetic and the
muon production profile of each individual event can be seen in
Fig. 9. Here, (Le.m.,Rl) are fixed to its corresponding average values,
and most of the information is kept in a single, most sensitive
variable. The correlation is rather strong in the most populated
region of (Re.m.,Ll). Moreover, it is almost independent of the
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Fig. 5. Average muon production longitudinal profile in (X0 ,N0) coordinates: (left) dependence on primary mass – proton (red) and iron (blue), showers generated with
QGSJET-II at h = 40!; (middle) dependence on the hadronic interaction model – QGSJet-II (red) and EPOS1.99 (blue), for proton induced showers at h = 40!; (right) dependence
on the zenith angle, h - Black for 0! < h < 10!, red for 30! < h < 40!, and blue for 45! < h < 55!, for proton showers using QGSJet-II. (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)
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Fig. 6. Average shower profiles for proton primaries at E = 1019 eV, with QGSJet-II,
in (X0 ,N0) coordinates. Comparison between electromagnetic (in red) and muonic (in
blue) shape features. The lines correspond to fits using a Gaisser–Hillas function (2
parameters). The fit results are given in the plot for the electromagnetic (e.m.) and
muonic (l) profiles. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

log(E/eV)
17.5 18 18.5 19 19.5 20

〉
 L

 
〈

220

240

260

280

log(E/eV)
17.5 18 18.5 19 19.5 20

〉
 R

 
〈

0.2

0.3

0.4

0.5

0.6(a) (b)

Fig. 7. Shape parameters dependence on the shower energy. In (a) is shown the L parameter while in (b) is the results for R. The shape parameters for the electromagnetic
profile are shown in red (full) line while the muon production is shown in blue (dashed). The circles correspond to proton induced showers and the squares have as primary
particle iron. The error bars represent the RMS of the corresponding distribution. The points were artificially displaced for better visualization (proton log (E/eV) = ! 0.05 and
iron log (E/eV) = +0.05). The showers were generated using QGSJet-II as high energy hadronic interaction model and with h = 40!. (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)
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Radio 
Geomagnetic effect

• In a shower: many particles 
• Charge separation produces a 

current

• The current changes as function of time/height 
• A changing current causes electromagnetic emission

• Number of particles is a function of 
height above ground

energy deposit profile has important indirect contributions from
muon decays. For showers initiated by protons of 1019 eV, the
width of the average muon production profile is larger by
40 g cm!2 and the asymmetry almost the doubled with respect

to the electromagnetic profile. The average values and dispersion
of these parameters evolve slowly with log (E), as shown in
Fig. 7, for both primaries (proton and iron).

The differences found for proton and iron profile shapes can
now be quantified in these parameters, with the corresponding
distributions shown in Fig. 8. The asymmetry is almost the same
for both primaries, the difference in means being well below the
5% dispersion in each sample. Since Rl only affects the tails it
can easily be fixed in the following analysis. The Gaussian width,
on the other hand, has different means for each primary, well
above the single primary dispersion, and consistently for the two
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tained starting from X ! Xl
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muon production profile of each individual event can be seen in
Fig. 9. Here, (Le.m.,Rl) are fixed to its corresponding average values,
and most of the information is kept in a single, most sensitive
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Radio emission of particle showers
Askaryan effect

incoming 
photon

accelerated electron

outgoing photon

• Remember: numerous high 
energy photons, positrons 
electrons in shower 

• In atmosphere: only electrons, no 
positrons 

• Shower particles interact with 
particles in the atmosphere
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Radio emission of particle showers
Askaryan effect

+

+

+

+

—
— —

—

• Charge separation along 
axis 

• Shower front is negative, 
axis positively charged 

• Current along axis, changing 
as function of time/height 

• Also here: changing current 
induces electric emission
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Radio emission of particle showers
Cherenkov-like effects

v = c/n
v = c• Shower is faster than its emission at n 

= 1.003
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Radio emission of particle showers
Cherenkov-like effects

v = c/n
v = c• Shower is faster than its emission at n 

= 1.003

t

• Signal gets enhanced when it 
arrives in phase = coherence  

• Enhancement at the Cherenkov 
angle
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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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Figure 8. Polarization footprint of a single air shower, as recorded with the LOFAR low-band
antennas, projected onto the shower plane. Each arrow represents the electric field measured by one
antenna. The direction of the arrow is defined by the polarization angle  with the ê~v⇥ ~B axis and
its length is proportional to the degree of polarization p. The shower axis is located at the origin
(indicated by the black dot). The median uncertainty on the angle of polarization is 4� and the value
for each antenna is indicated by the grey arrows in the background. Except for a few antennas in
the lower left station they are mostly small, indicating that the pattern is not the result of a random
fluctuation.

location in the shower plane according to eq. (5.4). In figure 9 this dependence can clearly
be seen for two measured air showers.

– 13 –

LOFAR, JCAP 10 (2014) 01430 - 80 MHz

14

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? 

4

FIG. 2: The set of normalized Stokes parameters that characterize the polarization footprint of a single air shower.
Refer to the caption of Fig. 1 for the meaning of the symbols.

in the data points, reflecting the layout of the antenna
stations.

The angular dependence of the circular polarization is
most clearly seen in Fig. 3 where the footprint of the
Stokes parameter V is shown as obtained from the simu-
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
-ê~v⇥~v⇥ ~B .

In analyzing the accumulated data from LOFAR we
concentrate on a distance of 100 m from the shower axis
since this is close to the distance where Cherenkov ef-
fects (relativistic time compression) are large and thus
the pulse will have a flat frequency spectrum within our
observing window. 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
given for all antennas at a distance between 90 and 110 m
from the core for the 114 high-quality events measured
at LOFAR as given in Ref. [6]. To restrict the analysis
to antennas at an angle close to 90� with respect to the
~v ⇥ ~B axis, the additional condition | cos�| < 0.5 was
imposed. A quality cut is applied where only those data
are retained for which the measurement error in both
U/I and V/I is smaller than 10%. This leaves us with 106
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
30-80 MHz. Taking the central frequency as reference
one obtains a time delay for the charge excess signal of

FIG. 3: The footprint of the value of the Stokes
V -parameter for a measured air shower. The

background color shows the results of the CoREAS
simulation while the coloring in the small circles

presents the data. This is the same data as shown in
Fig. 2 (right most panel), however not normalized by I

but by the maximum of V. At close distances the
predicted values for V su↵er from numerical instability

in the simulation.

approximately �t = 1 ns using Eq. (2).

LOFAR , Phys. Rev. D.94.103010

• Emission is due to both geomagnetic 
emission (dominant in air) and Askaryan 
emission 

• Pulse polarization follows geomagnetic 
effect and 15% charge excess correction 

• The two processes stem from slightly 
different heights 

• Time difference = phase offset between 
two emission components 

• Leads to circular polarization

LOFAR, PRL 114, 165001 (2015)
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Radio emission of showers
There is also a Cherenkov ring but not Cherenkov emission

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

110 - 190 MHz

High-Band Antennas

• 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 

• If one had the same shower 
development in vacuum, it would still 
radiate
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Detecting radio emission of air showers

• 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” 

• Non-standard use of 
radio telescopes like 
LOFAR and SKA 
extremely successful

The global neighborhood

+neutrino detectors in ice 
ARIANNA, ARA, IceTop, .. 

+ANITA balloon

Figure: Huege 2016

planned
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Detecting radio emission of air showers
What is in it for the science?

6

FIG. 1. Top: Energy fluence for an extensive air shower with
an energy of 4.4⇥ 1017 eV, and a zenith angle of 25� as mea-
sured in individual AERA radio detectors (circles filled with
color corresponding to the measured value) and fitted with
the azimuthally asymmetric, two-dimensional signal distribu-
tion function (background color). Both, radio detectors with
a detected signal (data) and below detection threshold (sub-
threshold) participate in the fit. The fit is performed in the
plane perpendicular to the shower axis, with the x-axis ori-
ented along the direction of the Lorentz force for charged par-
ticles propagating along the shower axis ~v in the geomagnetic
field ~B. The best-fitting impact point of the air shower is
at the origin of the plot, slightly o↵set from the one recon-
structed with the Auger surface detector (core (SD)). Bottom:
Representation of the same data and fitted two-dimensional
signal distribution as a function of distance from the shower
axis. The colored and black squares denote the energy flu-
ence measurements, gray squares represent radio detectors
with signal below threshold. For the three data points with
the highest energy fluence, the one-dimensional projection of
the two-dimensional signal distribution fit onto lines connect-
ing the best-fitting impact point of the air shower with the
corresponding radio detector positions is illustrated with col-
ored lines. This demonstrates the azimuthal asymmetry and
complexity of the two-dimensional signal distribution func-
tion. The inset figure illustrates the polar angles of the three
projections. The distribution of the residuals (data versus fit)
is shown as well.
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FIG. 2. Correlation between the normalized radiation energy
and the cosmic-ray energy ECR as determined by the Auger
surface detector. Open circles represent air showers with radio
signals detected in three or four radio detectors. Filled circles
denote showers with five or more detected radio signals.

all events in the data set presented here.
In Fig. 2, the value of EAuger

30�80MHz
/ sin2(↵) for each

measured air shower is plotted as a function of the
cosmic-ray energy measured with the Auger surface de-
tector. A log-likelihood fit taking into account threshold
e↵ects, measurement uncertainties and the steeply falling
cosmic-ray energy spectrum [33] shows that the data can
be described well with the power law

EAuger

30�80MHz
/ sin2(↵) = A ⇥ 107 eV (ECR/1018 eV)B . (1)

The result of the fit yields A = 1.58 ± 0.07 and B =
1.98 ± 0.04. For a cosmic ray with an energy of 1EeV
arriving perpendicularly to the Earth’s magnetic field at
the Pierre Auger Observatory, the radiation energy thus
amounts to 15.8MeV, a minute fraction of the energy of
the primary particle. The observed quadratic scaling is
expected for coherent radio emission, for which ampli-
tudes scale linearly and thus the radiated energy scales
quadratically.

Taking into account the energy- and zenith-dependent
uncertainty of ECR, the resolution of EAuger

30�80MHz
/ sin2(↵)

is determined from the scatter of points in Fig. 2. It
amounts to 22% for the full data set. Performing this
analysis for the high-quality subset of events with a suc-
cessful radio detection in at least five radio detectors
yields a resolution of 17%.

The value of A reported here applies for a cosmic-ray

A. Aab et al., PRL  116 (2016) no.24, 241101 

AERA vs Auger SD

• Radio detection provides and 
excellent energy estimator 

• Coherent effect = pulse 
amplitude scales linearly with 
energy 

• This plot: proxy for pulse power on 
the y-axis 

• Calculation from first principles 

• Very little systematic uncertainties 
(< 5%) in method
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Chapter 5 : Measuring the composition of cosmic rays

The average Xmax agrees well with the other experiments such as Tunka and Yakutsk, and
with HiRes/Mia up to lg E ≥ 17.7. However, the results from the Pierre Auger Observatory,
which is the largest experiment, are significantly higher. Their statistical uncertainty is smaller
than the plotted symbols, arising from a very high number of showers (1000 to 2600) per bin.
Systematic uncertainties on Xmax in this energy range are about 11 g/cm2 for Auger (Bellido
et al., 2017), and about 7 g/cm2 for LOFAR. Additionally, there is a systematic uncertainty in
energy, which for LOFAR is about 0.10 in lg E. As explained in Sect. 5.5.2, such a shift in energy
would lead to a shift in ÈXmaxÍ of about 6 g/cm2 due to the natural trend of ÈXmaxÍ with energy
(i.e. the elongation rate).

Therefore, most of the discrepancy is explainable within systematic uncertainties. However,
there is a notable di�erence in methodology to measure Xmax, direct fluorescence detection versus
radio detection with Corsika/CoREAS simulations. The measured di�erences in average Xmax in-
dicate that a detailed comparison between experiments, of the measurements and their systematic
e�ects, would be recommended in future research.

Figure 5.4: The average depth of shower maximum Xmax, as a function of primary particle energy.
The annotated numbers indicate the number of showers in each bin, and the error
margins indicate the uncertainty on the mean of the Xmax distribution. The upper
lines indicate the mean values expected for protons, from simulations with QGSJetII-
04 (solid), EPOS-LHC (dashed) and Sibyll-2.1 (dotted). The lower lines show the
mean predicted values for iron nuclei. For comparison, results from Pierre Auger,
Yakutsk, Tunka, and HiRes/Mia are included.

In Fig. 5.5, we show the standard deviation in each bin, along with its uncertainty. To calculate
these, as an estimator ‡̂ of the underlying Xmax distribution’s standard deviation, we subtract

78

19

Detecting radio emission of air showers

• Radio pattern is very sensitive to Xmax 

• LOFAR has presented high precisions Xmax  

measurements, = 17 g/cm2σXmax

What is in it for the science?

Width of radio footprint

dedicated AERA simulations incl. 
noise and detector!

-!
AERA-SD-FD Hybrid data

Johannes Schulz 6

footprint width footprint width

d
is

ta
n

ce
 t
o

 X
m

a
x

PhD Thesis A. Corstanje, Update to Nature 2016

• Tension to Auger FD 
measurements 

• Eagerly awaiting RD/FD hybrid 
study to possibly resolve this
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Radio detection of air showers

• The first truly large-scale 
implementation of the radio 
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-high-
energy cosmic rays 
(UHECRs)? 

Where will it go next?

Hörandel Part B2 Auger-Horizon 
 

 9 

Horizontal air showers49 traverse a big amount of atmosphere until they are detected as illustrated in Fig 9, 
left. The thickness of the atmosphere in horizontal direction amounts to about 40 times the column density of 
the vertical atmosphere. Thus, the e/m shower component is mostly absorbed and only muons are detected 
with the WCDs of the SD. The atmosphere is transparent for radio emission in our band (30-80 MHz) and 
radio measurements are an ideal tool for a calorimetric measurement of the e/m component in horizontal air 
showers (HAS). HAS have a large footprint on the ground, covering several km2, as illustrated in Fig. 9, 
right, which depicts a shower measured with AERA. For this example shower, 46 AERA stations measured a 
radio signal above the noise level. These measurements indicate that HAS will be well measured with RDs 
on a 1500 m grid, having a sufficient number of stations (>5) with signals above the noise level in order to 
reconstruct the e/m component with an accuracy of ~20%. 

 
Figure 9: Left: Schematic view of a horizontal air shower. Right: Horizontal air shower measured 

simultaneously with AERA and the SD at the PAO.49 

Section b. Methodology 

The work plan described above shall be implemented through 5 sub projects. 
 

 
Figure 10: An upgraded SD station, consisting of the water Cherenkov detector, the scintillator mounted on 

top, and the proposed SALLA radio antenna (this proposal - red), mounted to the mechanical structure of the 
scintillator. 

 
* Sub project #1: Antenna design, pre-amplifier, mechanical mounting - PI, PD 1, engineer. 
We aim to install radio antennas at SD positions in the 1500 m array and the 750 m dense sub-array. The an-
tennas will be mounted on top of the WCD. Mechanically, we will attach the antennas to the mounting of the 
scintillators of the PAO upgrade. These mountings are a contribution of RU Nijmegen/Nikhef and the rele-
vant experts are in-house. We aim to use Short Aperiodic Loaded Loop (SALLA) antennas50 as a dipole loop 
of 1.2 m diameter to record radio signals between 30 and 80 MHz. The SALLA has been developed to pro-
vide a minimal design that matches the need for both, ultra-wideband sensitivity, and low costs for produc-
tion and maintenance of the antenna in a large-scale radio detector. The compact structure of the SALLA 
makes the antenna robust and easy to manufacture. The response of these antennas has been measured as part 
of the AERA R&D program20, their characteristics is well known and suitable for our purpose. In particular, 
the antenna is almost insensitive to the ground conditions, i.e. ideal to be placed on top of an existing SD 

atmosphere

muonic component
radio emission

hadronic component

e/m component

cosmic ray

Earth

e/�

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

µ

e/�

Upgrade of the Pierre Auger Observatory
Equip ALL 1660 Water-Cherenkov tanks with radio antennas
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Radio detection of neutrinos
No one has ever done this before

• Both charge current and neutral current interactions create “cascades” 

• For radio emission: A shower in a dense medium also creates radio emission 

• However: shower much shorter than in air 

• Short travel time in geomagnetic field  

• Larger charge excess in the shower front

22

⌫l + N ! l + X (CC)

⌫l + N ! ⌫l + X (NC) ,

where ⌫l represents an incoming neutrino or antineutrino of a particular flavor (electron, muon, or tau),

N the nucleon, l an outgoing charged antilepton or lepton of the appropriate flavor, and X the system of

emerging hadrons. Figure 3.1 shows Feynman diagrams for these processes.

u(d)

W⌥

N

⌫⌧ (⌫⌧ )

d(u)

⌧±

1(a) Charged-current ⌫⌧ scattering. The incoming neu-
trino is transformed into a charged lepton of the same
flavor, and transfers some of its energy to the target
nucleus. The diagrams for the other neutrino flavors
are the same, with the neutrino and charged lepton ex-
changed for the appropriate flavor.

u(d)

Z

N

⌫e,µ,⌧ (⌫e,µ,⌧ )

u(d)

⌫e,µ,⌧ (⌫e,µ,⌧ )

1
(b) Neutral-current scattering. The incoming neutrino
remains a neutrino of the same flavor, but transfers
some of its energy to the target nucleus.

Figure 3.1: Feynman diagrams for deep inelastic neutrino-nucleon scattering.

Due to the universality of the weak interaction, the cross-sections for these reactions only depend on the

kinematics of the reaction and the momentum distribution of quarks within the nucleon. The cross-sections

for an isoscalar target can be given in terms of the Bjorken scaling variables x = Q2/2M⌫ and y = ⌫/E⌫ as

[62–64]
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Radio detection of showers in dense media
Seems to work as expected

• A shower from a neutrino interaction is subject to same 
emission mechanisms 

• BUT: Showers shorter in ice, so reduced influence of 
geomagnetic field and enhanced charge excess 

• Emission confirmed in accelerator experiments at SLAC, for 
both no magnetic field (Phys. Rev. D 72(2005)023002) and 
with magnetic field (PRL 116(2016)141103) 

• Simulations predict measurable neutrino signal  
> 1016 eV  in radio above “normal” backgrounds 

• First detection of neutrino radio signal still to be done
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Detecting radio emission of air showers

• 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 

• Duty-cycle (almost) independent of 
weather

Experimental challenges and opportunities

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

Jelley et al, Nature 1965

40 - 48 MHz

10 - 90 MHz
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Detecting radio emission of air showers

• Unfortunately, a lot of things make radio pulses 

• Self-triggering and event identification remain a challenge 

• Site quality important 

• New opportunities in modern data analysis methods

Experimental challenges and opportunities
ARIANNA Coll., Astropart. Phys. 90 (2017) 50
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NO cosmic ray cosmic ray

• Unfortunately, a lot of things 
make radio pulses 

• Self-triggering and event 
identification remain a challenge 

• Site quality important 

• New opportunities in modern 
data analysis methods
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Radio detection in ice
Different concepts for the same case

E. Zas, F. Halzen, T. Stanev, 
PRD 45, 162 (1992); 
J. A-M, A. Romero-Wolf, E. Zas, 
PRD 81, 123009 (2010)

-0.080

-0.060

-0.040

-0.020

 0.000

 0.020

 0.040

 0.060

-6 -4 -2  0  2

E
-f

ie
ld

 (
a
t 
1
 m

 d
is

ta
n
ce

) 
 [
V

/m
]

Time  [ns] 

θCherenkov

θCher - 1
o

θCher - 5
o

Time-domain

10-3

10-2

10-1

101 102 103 104

 

R
 x

 E
-f

ie
ld

(ν
,θ

) 
  
[V

/M
H

z]

Frequency ν   [MHz]

θCherenkov

θCher - 1
o

θCher - 5
o

Frequency
domain

Electric field: Monte Carlo simulations at IGFAE
Ice 

(ZHS code)

show
er

observer
θ

E-field

J.A-M, W.R. Carvalho, E.Zas, 
Astropart. Phys. 35, 325 (2012)

Time-domain

Frequency
domain

show
er

observer

r

E-field

Bipolar 
nano-second pulses

Broad-band
frequency spectrum

Air 
(ZHAireS
code)

Radiation beamed
at Cherenkov angle

~ 56º in ice
~ 1º in air

 0.02

 0.04

 0.06

 0.08

 0.1

 0.12

 50  55  60  65

 

R
 x

 E
-f

ie
ld

(ν
,θ

) 
  

[V
/M

H
z]

Observation angle θ   [deg]

ν = 1 GHz

ν = 300 MHz

ν = 100 MHz

E. Zas, F. Halzen, T. Stanev, 
PRD 45, 162 (1992); 
J. A-M, A. Romero-Wolf, E. Zas, 
PRD 81, 123009 (2010)

-0.080

-0.060

-0.040

-0.020

 0.000

 0.020

 0.040

 0.060

-6 -4 -2  0  2

E
-f

ie
ld

 (
a

t 
1

 m
 d

is
ta

n
ce

) 
 [

V
/m

]

Time  [ns] 

θCherenkov

θCher - 1
o

θCher - 5
o

Time-domain

10-3

10-2

10-1

101 102 103 104

 

R
 x

 E
-f

ie
ld

(ν
,θ

) 
  
[V

/M
H

z]

Frequency ν   [MHz]

θCherenkov

θCher - 1
o

θCher - 5
o

Frequency
domain

Electric field: Monte Carlo simulations at IGFAE
Ice 

(ZHS code)

show
er

observer
θ

E-field

J.A-M, W.R. Carvalho, E.Zas, 
Astropart. Phys. 35, 325 (2012)

Time-domain

Frequency
domain

show
er

observer

r

E-field

Bipolar 
nano-second pulses

Broad-band
frequency spectrum

Air 
(ZHAireS
code)

Radiation beamed
at Cherenkov angle

~ 56º in ice
~ 1º in air

 0.02

 0.04

 0.06

 0.08

 0.1

 0.12

 50  55  60  65

 

R
 x

 E
-f

ie
ld

(ν
,θ

) 
  

[V
/M

H
z]

Observation angle θ   [deg]

ν = 1 GHz

ν = 300 MHz

ν = 100 MHz

J. Alvarez-Muniz E. Zas, F. Halzen, T. Stanev, 
PRD 45, 162 (1992); 
J. A-M, A. Romero-Wolf, E. Zas, 
PRD 81, 123009 (2010)

-0.080

-0.060

-0.040

-0.020

 0.000

 0.020

 0.040

 0.060

-6 -4 -2  0  2

E
-f

ie
ld

 (
a

t 
1

 m
 d

is
ta

n
ce

) 
 [

V
/m

]

Time  [ns] 

θCherenkov

θCher - 1
o

θCher - 5
o

Time-domain

10-3

10-2

10-1

101 102 103 104

 

R
 x

 E
-f

ie
ld

(ν
,θ

) 
  

[V
/M

H
z]

Frequency ν   [MHz]

θCherenkov

θCher - 1
o

θCher - 5
o

Frequency
domain

Electric field: Monte Carlo simulations at IGFAE
Ice 

(ZHS code)

show
er

observer
θ

E-field

J.A-M, W.R. Carvalho, E.Zas, 
Astropart. Phys. 35, 325 (2012)

Time-domain

Frequency
domain

show
er

observer

r

E-field

Bipolar 
nano-second pulses

Broad-band
frequency spectrum

Air 
(ZHAireS
code)

Radiation beamed
at Cherenkov angle

~ 56º in ice
~ 1º in air

 0.02

 0.04

 0.06

 0.08

 0.1

 0.12

 50  55  60  65

 

R
 x

 E
-f

ie
ld

(ν
,θ

) 
  

[V
/M

H
z]

Observation angle θ   [deg]

ν = 1 GHz

ν = 300 MHz

ν = 100 MHz

• Short nano-second scale broad-band pulse 
• Amplitude scales with energy of neutrino
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Radio detection of neutrinos

• One can also fly a balloon above the ice to detect neutrinos 

• ANITA is probably the experiment with the most news coverage of the radio 
community

Neutrino interactions in ice

νe,μ,τ
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Radio detection of neutrinos

• ANITA I-III: Mystery events — behave like cosmic ray 
signals, but show signal polarization/polarity like 
neutrino from deep trough Earth 

• If truly neutrino: disagreement with IceCube limits, 
difficult to reconcile with Standard Model  

• Other explanations offered: ice, background, etc.  

• ANITA IV: again 4 events with inconsistent polarity, 
but near horizon, nothing ‘mysteriously’ steep 
arXiv:2008.05690 

• Follow-up experiment will fly in 2024 with better low 
energy sensitivity and more exposure: PUEO 
balloon arXiv:2010.02892  

• Hopefully we can then put the mystery rest

The above ice results

https://arxiv.org/abs/2008.05690
https://arxiv.org/abs/2010.02892
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Radio detection of neutrinos

• 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 

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

• A couple of projects on-going or proposed,  
e.g. GRAND, BEACON, TARGOE (radio),  
TAMBO (water-Cherenkov), TRINITY (air-Cherenkov), …

Tau neutrinos emerging from the Earth

ντ

ντ

τ

τ
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Radio detection of neutrinos
One particular highlight

Radio Neutrino Observatory

0 10 km
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• After lots of proof-of 
principle 
experiments: first 
scale-up to large 
array
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The RNO-G approach
What will be built

4

FIG. 2: ARA testbed downhole antennas: left two images, wire-frame bicone Vpol antennas; right two images, bowtie-slotted-cylinder Hpol
antennas.
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FIG. 3: Left: Quad-slot cylinder antenna used in one borehole for ARA-testbed. Center: Simulated Gain (dBi) vs. elevation angle ( zero
degrees is the vertical direction) for three frequencies for the QSC antenna. Right: Simulated Gain (dBi) in the horizontal plane vs. azimuth,
showing the high degree of uniformity of the QSC azimuthal response.

150 MHz to 850 MHz. This goal was achieved with the
Vpol antennas, but the 15 cm diameter borehole constraint
has proved challenging for the Hpol antennas, both of which
have difficulty getting frequency response below about 200-
250 MHz in ice. In addition, the BSC antenna, although it
was found to have better efficiency than the QSC, suffers from
some azimuthal asymmetry in its response, and thus the QSC,
which has uniform azimuthal response, will be used for fu-
ture ARA stations. In the current testbed station, we have
primarily used the BSC antennas because of the ease of their
manufacture for the 2011 season. Figure 2 shows photographs
of the wire-frame bicone antennas and the BSCs as they were
readied for deployment. Fig 3 shows a photo of one of the
QSC prototypes (only one of the 4 slots is evident), along
with simulated results for the gain patterns in elevation and
azimuth, illustrating the uniformity, which was confirmed at
several angles in laboratory measurements.

Figures 4 and 5 show the voltage standing wave ratio
(VSWR), along with the power transmission coefficient for
the primary borehole antennas used for the ARA-testbed.

VSWR is related to the complex voltage reflection coefficient
r of the antenna via the relation

V SWR(n) = |r(n)+1|
|r(n)�1|

and the effective power transmission coefficient T (either as a
receiver or transmitter from antenna duality) is given by

T (n) = |1�r(n)|2

and may be thought of as the effective quantum efficiency of
the antenna vs. frequency n although RF antennas in the VHF
to UHF range never operate in a photon-noise limited regime.

In addition to the coupling efficiency of the antennas, the
other important parameter for RF performance is the antenna
directivity gain G, often denoted as just gain, and related to
the effective power collection area of the antenna via the fun-
damental relation

Ae f f (n) =
Gc2

4pn2
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The RNO-G approach
The single components

• Log-periodic dipole antennas (LPDA) at 
the surface: 

• High-gain antennas with very good 
response to neutrino signals, but too big 
to fit in a hole 

• At the surface subject to ray-bending = 
not all trajectories reach these antennas 

• Antennas at the surface also act as 
cosmic ray veto 

• 3x3 antennas to detect all arrival 
directions and polarizations
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The RNO-G approach
The single components

• Bicone antennas and quad-slot antennas 
in 100 meter deep holes 

• the deeper the better (ray shadowing) 
• 100 meters achievable with a fast 

mechanical drill  (cheap) 
• two different types of antennas to cover 

all polarizations 
• small antennas have less gain and are 

typically less broad-band
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The RNO-G approach
The single components

• Station geometry: 
• Three strings to reconstruct arrival 

direction 
• One string with many antennas to make 

the reconstruction of the vertex distance 
a one-dimensional problem 

• String also hosts the phased array trigger 
• The lower the threshold the better the 

sensitivity
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The RNO-G approach
What do the signals look like

Full RNO-G simulation, C. Welling

Software development:  
Always make nice visualization tools, increases the number of users
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The RNO-G approach
Excursus: How does one reconstruct this? 
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Excursus: How does one reconstruct this? 
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The long-term plan
What after we are done with RNO-G

200 stations. 
Areal coverage: order 500 km^2 
Autonomous power and communication 

This is a big array! 

Radio Array for Gen2 

• Beyond 2024 the Gen2 Collaboration is planning to build IceCube-Gen2 at 
South Pole 

• NSF lead project with major contributions from International Partners 
• Radio array will be a BIG part of IceCube-Gen2
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IceCube-Gen2
The window to the extreme Universe
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IceCube-Gen2
The window to the extreme Universe

• The next generation of IceCube 

• Many more discoveries

Figure 9: Observable volume of IceCube and IceCube-Gen2 for a generic 100 s burst with equivalent isotropic
emission of 1050 erg in neutrinos. The observable volumes are calculated separately for each decade in
energy, assuming a neutrino spectrum of dN/dE ö E�2 in that decade only and an equal flux of neutrinos in
all flavors.

the sources and the intergalactic medium the photons are reprocessed to the GeV and
TeV bands (or absorbed, in which case the neutrino energy flux could be even higher than
the �-ray energy flux). Consequently, IceCube-Gen2 will be able to measure or constrain
CR acceleration processes for thousands of known �-ray sources, as well as searching for
cosmic accelerators opaque to high-energy electromagnetic radiation.

Short, second-to-day-scale transients like GRBs, compact object mergers, or core-collapse
supernovae (CCSN) explosions are different from persistent sources. Backgrounds from
diffuse neutrinos, air showers, thermal and anthropogenic noise are usually negligible
when searching for a short burst of neutrinos; therefore, the sensitivity scales differently
with effective area, volume, and angular resolution than for persistent sources.

An important performance measure for transient events is the volume within the universe
in which they can be observed. Figure 9 shows the observable volume of the universe for
IceCube-Gen2 in comparison to IceCube for a generic 100 s burst with equivalent isotropic
emission of 1050 erg in neutrinos as a function of energy. An order-of-magnitude increase
in observable volume is expected for energies up to 10 PeV compared to IceCube, while
at energies above 100 PeV the radio array will allow for the first time the observation of a
relevant portion of the universe. The observable volume of up to few times 107 Mpc3 for
such a burst is similar to the one that gravitational wave detectors will reach in the next
decade for the detection of binary neutron star mergers [110].

3.1.2. Detectability of source populations

IceCube performed the first step towards identifying the sources of astrophysical neutri-
nos, by associating high-energy neutrinos with the highly luminous blazar TXS 0506+056.
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IceCube-Gen2
The window to the extreme Universe

• Integrated 
observatory of more 
optical sensors and 
large radio array 

• Upgrade is being built 
now, Gen2 will follow

Figure 11: 5� discovery potential of IceCube-Gen2 for a flux of muon neutrinos in relation to observations of
the Blazar TXS0506+056. The black and blue curves correspond to 100 days and 10 years of observations
and indicate the sensitivity for neutrino flares and the time-averaged neutrino emission, respectively. The
best-fit muon neutrino flux during the 2014-2015 activity period for TXS 0506+056 [5] is shown as a green
band, while the green markers show the average �-ray flux of TXS 0506+056 between 2008 to 2018 observed
by Fermi LAT [27]. The orange curve corresponds to the predicted neutrino flux from modeling the multi-
messenger emission during the flare period in [115]. Only the sensitivity of the IceCube-Gen2 optical array
has been considered for this figure.

3.2. Understanding cosmic particle acceleration through multi-messenger
observations

Multi-messenger astronomy, the combination of astrophysical observations in CR, neutri-
nos, photons, and gravitational waves, is a powerful new program to identify the physi-
cal processes driving the high-energy universe. Astrophysical neutrinos can provide an
unobstructed view deep into the processes powering cosmic accelerators. Unlike their
counterparts in photons and charged CR, their small cross section and absence of electric
charge allow neutrinos to travel the cosmological distances necessary to reach Earth from
their sources without absorption or deflection. High-energy astrophysical neutrinos are a
smoking-gun signal of hadronic interactions, and will point the way to the sources of the
high-energy CR.

3.2.1. Probing particle acceleration in active galaxies

The electromagnetic emission from the high-energy extragalactic sky is dominated by
blazars, a subclass of radio-loud active galactic nuclei (AGN) powered by supermassive
black holes that display relativistic jets, with one jet pointed near the line of sight of the
Earth. The high-energy photon emission from blazars could be explained by the decay
of neutral pions from energetic hadronic interactions. Given this extreme luminosity and
the potential hadronic origin of their high-energy emission, blazars (and more generally,
AGN) have long been believed to be sources of neutrinos and CR [116–118]. Indeed, the
observations of high-energy neutrinos from the direction of the blazar TXS 0506+056 [4]
(cf. Section 2.1) with IceCube provided strong evidence for a scenario in which CR are ac-
celerated in AGN jets. However, much remains unknown about blazar physics that further
observations with neutrinos could help answer, such as the location of the CR acceleration

16

Figure 29: Time line for the IceCube Upgrade and projected time line for IceCube-Gen2.

4.4.1. Baseline design

IceCube demonstrated the ability to deploy 86 strings on time and on budget in a hostile
environment. Drilling at the South Pole is a formidable challenge for engineering and lo-
gistics support. The enhanced hot water drill [432] developed for IceCube is capable of
drilling to 2500 m depth within about 30 hours. Up to 20 holes have been drilled in a single
Antarctic summer season.

For the optical array baseline design with 120 new strings and modules of similar diameter
as those in IceCube, we anticipate per hole drill times similar to the ones for IceCube. Due
to the larger number of strings we expect a total construction and deployment time of up
to 8 austral summer seasons. Similarly to IceCube, data taking will start with a partially
completed detector. As the sensor coverage per string is considerably higher than for
IceCube, the instrumentation costs will claim a larger fraction of the total budget, while the
existing IceCube infrastructure will allow substantial savings on the infrastructure for data
acquisition and data systems. The cost per IceCube-Gen2 string is estimated at $1.2M for
the hardware including surface cabling and instrumentation (a single mDOM sensor used
in the baseline configuration costs about $10k, a single D-Egg sensor about $8.5k).

For the radio array, the preliminary baseline design incorporates 200 stations with three
strings each. If drilled mechanically the holes can only be 100 meters deep, which is
sufficient and efficient for radio stations. The baseline method for drilling is using an ASIG
mechanical drill, which is able to drill 5.75” clear boreholes to 100 m. Switching to RAM
drilling technology is considered as an R&D option to speed-up the drilling procedure for
IceCube-Gen2. The hardware costs per station are estimated to $50k per station not
including drilling and deployment. Both station design and deployment methods will be
tested starting summer 2021 in Greenland.

The total cost for the facility design outlined in this white paper is anticipated at approxi-
mately $350M, including about $180M for the instrumentation to be deployed in the optical,
surface and radio arrays. This is comparable to the project costs for IceCube of $279M
(with ⇥50% used for instrumentation). Note that the IceCube project cost has not been
adjusted for inflation. A possible time line for IceCube-Gen2 is shown in Fig. 29. Ongoing
design efforts are aimed at reducing costs and simplifying logistic impact (see below). After
the design phase and the IceCube Upgrade are completed, drill and sensors would go into
production and construction at the South Pole would commence.

4.4.2. Optimization of logistics impact

While IceCube has demonstrated how to successfully deploy instrumentation in the Antarc-
tic glacier, it is worthwhile to consider the potential logistics challenges in connection with

52
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IceCube-Gen2
Read more about it in 85 pages of whitepaper

“IceCube-Gen2 will play an essential role in shaping the new era of multi-messenger 
astronomy, fundamentally advancing our knowledge of the high-energy universe.”
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Conclusions
Radio detection of air showers and neutrinos

• Radio detection theory has a solid foundation through measurements of air 
showers 

• Radio detection of air showers very sensitive to composition, will help 
improve air shower arrays and teach us about shower development  

• Radio detection of neutrinos is a promising way to target the highest 
energies and find the sources of ultra-high energy cosmic rays 

• RNO-G and IceCube-Gen2 will be large arrays targeting neutrinos above 10 
PeV


