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Scientific motivation
Where are ultra-high energy cosmic rays from?
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How to address this? 
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How to address this? 

Measure more neutrinos
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How to address this? 

Measure more neutrinos

Measure cosmic rays with better precision
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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 showers

• 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

The story of the two effects and the refractive index
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Are we really sure that we have understood this?
Quite a lot of experimental evidence: 

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.
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LOFAR (AN), JCAP 10 
(2014) 014

LOFAR (AN), Nature 531 (2016), 70

• Signal distribution ✅ 

• Signal amplitude ✅ 

• Signal polarization ✅ 

• Signal frequency spectrum ✅ 

• Dependence on magnetic field ✅
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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 (AN) , PRD.94.103010
AN et al. (LOFAR) 


Astropart Phys, 65, 2015, 11-21

LOFAR has been THE instrument for this
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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.
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LOFAR (AN), JCAP 10 (2014) 01430 - 80 MHz
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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

• The key evidence: Polarization


• The two processes stem from 
slightly different heights


• Time difference = phase offset 
between two emission 
components


• Leads to circular polarization

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.
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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 .
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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).
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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
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U/I and V/I is smaller than 10%. This leaves us with 106
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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
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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 (AN) , Phys. Rev. D.94.103010

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


• Geosynchrotron radiation is a correction of < 1% to these effects
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Radio emission of showers
There is also a Cherenkov ring but not Cherenkov emission

A.Nelles et al. (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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We know all this from air showers

• Air shower measurements were used to:


• Provide the proof-of-principle for radio detection of particle showers


• Confirm the emission mechanisms down to subtle features, agreement with 
Monte Carlo simulations astonishingly good


• Develop methods of how to reconstruct data, remove the contribution of 
noise, understand antenna theory for impulsive events, …


• But a technique is only useful, if it can also contribute to advancing the 
astroparticle science case

Are air showers still interesting?

Cosmic-ray composition

Cosmic-ray energy spectrum

Sources of UHECR

Propagation

Acceleration

Air shower physics

Particle Physics
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Detecting radio emission of air showers
Energy estimation of cosmic rays

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. (AN), PRL  116 (2016) 24, 241101 

Figure 3: Correlation between the corrected radiation energy and the electromagnetic
component of an air shower for CoREAS (top) and ZHAireS (bottom).

15

AERA vs Auger SD

Simulations only

• Radio detection provides and 
excellent energy estimator


• Calculation from first principles


• Very little systematic uncertainties 
(< 5%) in method

M. Gottowik et al. Astropart. Phys. 103 (2018) 87
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Figure 4. Relation between the corrected radiation energy measured by the LOFAR antennas and the
cosmic-ray energy as determined by the LORA scintillators. The error bars represent event-by-event
uncertainties. The purple line shows the best fit line for LOFAR measurements of corrected radiation
energy and LORA cosmic-ray energy, and the banded region around the best fit line represents the
systematic uncertainties on the corrected radiation energy. The green line shows the best fit line for
AERA measurements of corrected radiation energy and Auger cosmic-ray energy [21], and the shaded
green region represents the systematic uncertainties on the corrected radiation energy. QGSJETII-04
was used in the simulations on which the LOFAR energy reconstruction is based.

AERA antenna calibration [30]. Equation 3.1, used to find the corrected radiation energy
for LOFAR, already includes a normalization of the local magnetic field to that of Auger.
Therefore the parameters A0

LORA
, B0

LORA
and A0

Auger
, B0

Auger
and in equations 3.2 and 3.3

are comparable, with the caveat that second order corrections are not made for the Auger
radiation energy. Equation 3.3 is also shown in Fig. 4 in green, with the shaded region
indicating the absolute scale uncertainties on the radiation energy.

Using equations 3.2 and 3.3, we compare the average energies of LORA and Auger
at a corrected radiation energy SRD,corr = 1 MeV. This value of SRD,corr was chosen for
the comparison because it is close to the average value of the LOFAR corrected radiation
energy (determined in log-space). SRD,corr = 1 MeV corresponds to a LORA energy of
(2.64 ± 0.42(sys)) ⇥ 1017 eV and an Auger energy of (2.48 ± 0.52(sys)) ⇥ 1017eV. The ratio

– 13 –
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Detecting radio emission of air showers

• A radio energy estimate could 
reduce systematic 
uncertainties between 
observatories


• Long standing issue in 
interpreting cosmic-ray data 
between observatories: 
 
Remove ad-hoc scaling, which 
has been impacting theory

Energy estimation of cosmic rays

K.Mulrey et al. (AN) JCAP 2020 017
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Width of radio footprint

dedicated AERA simulations incl. 
noise and detector!

-!
AERA-SD-FD Hybrid data

Johannes Schulz 6
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Figure 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-2.3d (dotted). The lower lines show the mean predicted values for iron nuclei. For comparison, results from Pierre
Auger, Yakutsk, Tunka, HiRes/Mia, and TALE are included.

For comparison, results are included from Pierre Auger [28], HiRes [29], Tunka [30], and Yakutsk [31].
We also include recent results from TALE [32], noting that their method to infer a bias-corrected hXmaxi is
di↵erent and assumes the EPOS-LHC hadronic interaction model.

The di↵erences with respect to the earlier LOFAR results [7] can be explained through statistical fluctu-
ations, and from the revised treatment of systematic e↵ects including the atmosphere and the radio-derived
energy scale.

The averageXmax agrees reasonably well with the other experiments such as Tunka, Yakutsk, HiRes/Mia,
and TALE, especially for lgE > 17.2. However, the results from the Pierre Auger Observatory, which is
the largest experiment, are significantly higher starting at the bin around lgE = 17.325. Their statistical
uncertainty is smaller than the plotted symbols, arising from a high number of showers (1000 to 2600) per
bin. Systematic uncertainties on Xmax in this energy range are about 11 g/cm2 for Auger [28], and about
7 g/cm2 for LOFAR. Additionally, there is a systematic uncertainty in energy, which for LOFAR is about
0.057 in lgE. As explained in Sect. 5.2, such a shift in energy would lead to a shift in hXmaxi of about
3 g/cm2 due to the natural trend of hXmaxi with energy (i.e. the elongation rate).

Therefore, most of the discrepancy is explainable within systematic and statistical uncertainties. How-
ever, there is a notable di↵erence in methodology to measure Xmax, direct fluorescence detection versus
radio detection with Corsika/CoREAS simulations.

In Fig. 6, 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 the variance caused

11
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Detecting radio emission of air showers

• Radio pattern is very sensitive to Xmax = particle type

What is in it for the science?

LOFAR (AN), Phys.Rev.D 103 (2021) 10

• Tension to Auger measurements, 
but agreement with Northern 
hemisphere experiments


• Potential for radio measurement 
on Southern hemisphere

proton

iron

Most recent high-light publication
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Estimator of the mass composition

Tim Huege <tim.huege@kit.edu>15

Measuring cosmic-ray mass with LOFAR

Radio2022, Berlin
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Estimator of the mass composition

Tim Huege <tim.huege@kit.edu>16 Radio2022, Berlin
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Will this image remain like this?

• Measuring air 
showers is about 
statistics


• Enlarge particle 
array for better 
trigger


• Use simultaneous 
observations in 
low- and high-band 
(LOFAR 2.0)

Plans for LOFAR 

Tim Huege <tim.huege@kit.edu>20

Extension of LORA trigger array

Radio2022, Berlin

More in Katie’s Talk 
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What is the competition doing?

• Multitude of air shower 
arrays


• Many of them in hybrid 
configuration, tuned at 
different purposes


• LOFAR core still has 
unrivaled antenna 
density


• Square Kilometre Array 
(SKA) will be direct 
future competition


• Although technical 
feasibility current still 
under discussion 

Experimental neighborhood. 

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


+ANITA balloon

Figure: Huege 2016

planned
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Tim Huege <tim.huege@kit.edu>17

LOFAR Cosmic-ray mass composition

Radio2022, Berlin

18

Estimator of the mass composition

• Make 30 simulations (covering the range of options for shower maximum)


• Fit the simulations to data, including the system response


• Optimize for the best suitable  which is an estimator for the massXmax

How do we do this with LOFAR?

• Very brute force and computationally expensive, lots of interpolation


• An array with better antenna coverage would allow more elegant solutions
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More elegant solution?

• German Federal Ministry recently funded a new consortium: ERUM-IFT


• Torsten Enßlin (MPA), Marcus Brüggen (UHH), Martin Erdmann (RWTH), 
Ralph Engel (KIT), Jakob Knollmüller (TUM), Anna Nelles (FAU),  
Judith Reindl (UniBw M), Dominik Schwarz (UBI)


• One project: Novel data analysis for LOFAR cosmic rays


• Goal: Working together on efficient antenna modeling with other LOFAR users

Information Field Theory
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Air shower detection with the SKA
And this is also why we need to take a new look at our methods

Tim Huege <tim.huege@kit.edu>23

SKA-low core will be „insane“ CR detector

Very high 
antenna
density
Much more
homogeneo
us than
LOFAR
Higher and
broader
frequency
band

Radio2022, Berlin

LOFAR
SKA

SKA



Anna Nelles 21

Air shower detection with the SKA

• Next to more antennas, also nicer broad-band 
frequency coverage 50 - 350 MHz


• SKA has enough antennas to use the raw data 
directly, no interpolation, no fitting


• Extreme challenge for cutting edge data science


• But: so much more in signal


• May be able to resolve height of first interaction, 
shape of shower, ‘clumpiness’, etc


• = More precise access to cosmic ray composition, 
great for astronomy


• = Independent handle on hadronic interaction 
models, direct implications for particle physics

Taking radio emission to the next level of detail

Simulations: Arthur Corstanje
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Ideas for the Square Kilometre Array
Taking radio emission to the next level of detail

• Currently all methods work in progress, some ideas a bit speculative, but let’s 
give you an idea

Tim Huege <tim.huege@kit.edu>24

Expected SKA performance

Will measure
Xmax with very
high precision
But will also 
allow us to
access
information
beyond Xmax
Disentangle
mass and 
hadronic
modelling!

Radio2022, Berlin
• First order: particle type correlated with maximum of distribution


• But hadronic interaction model needed to match them directly
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Ideas for the Square Kilometre Array
The problem with hadronic interaction models
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Ideas for the Square Kilometre Array

• This is using the ‘old-style’ 
LOFAR analysis with SKA 
simulations


• Just to get an idea of what 
we could do

We have enough free parameters to fit  at the same time Xmax, L, R

Work in progress, Arthur Corstanje
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Ideas for the Square Kilometre Array
What else?

• Maybe use a 3D beamforming algorithm to 
reconstruct this directly?


• Direct implications for particle physics!


• Detect PeV gamma-rays from the Galactic 
Center?
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Ideas for the Square Kilometre Array
What else?

• Maybe use a 3D beamforming algorithm to 
reconstruct this directly?


• Direct implications for particle physics!


• Detect PeV gamma-rays from the Galactic 
Center?

LOFAR will not be able to reach SKA resolution,  
but is a very important testing and preparation ground!
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Lessons learned from LOFAR for SKA

• Get your users involved early in software development, new ground-breaking 
measurements come through software in distributed telescopes 
You won’t know what we need, until we know what we can do!


• It is important to connect the people building the array and the ones doing 
data-analysis!


• Don’t underestimate the challenge in understanding the antennas


• LOFAR started science operation in 2011


• Model for LBAs still work in progress (as you know!)


• I think we have a responsibility here to spread our knowledge on all levels

The perspective of the Cosmic Ray Key Science Project
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Short digression: 

• When working on the air shower detection with 
LOFAR, we realized:


• Thunderstorms influence air showers and their 
radio emission


• See e.g. Trinh et al (AN), JGR: Atmospheres 125 (8) 31433, Schellart et 
al (AN), PRL 114 (16) id.165001


• LOFAR is the world’s most powerful lightning 
interferometer


• Undoubtedly due to the hard work of Brian Hare 
(and Olaf Scholten) 


• See e.g.: Nature 568 (7752), 360-363 
PRL 124 (10), 105101 
JGR: Atmospheres 123 (5), 2861-2876 
Phys.Rev.D 104 (2021) 6, 063022 
Geophys. Res. Lett., Volume 48, Issue 23, e95511 (2021)  
Scientific Reports volume 11, 16256 (2021) 
Phys. Rev. D 105, 062007 (2022)

Lightning science part of CRKSP

Nelles, Hare (2019)
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Conclusions

• Understanding air showers

• Particle physics unknown at 

highest energies

• High-accuracy measurements with 

SKA could deliver particle physics 
insights

Cosmic Rays and Radio Telescopes

• Sources of high energy cosmic rays

• Radio detection of air showers 

already now leading in precision 
measurement of mass composition


• LOFAR has been instrumental!

• SKA: ultimate precision

Tim Huege <tim.huege@kit.edu>23

SKA-low core will be „insane“ CR detector

Very high 
antenna
density
Much more
homogeneo
us than
LOFAR
Higher and
broader
frequency
band

Radio2022, Berlin

LOFAR
SKA

SKA


