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Origin of cosmic rays

• Likely diffusive shock acceleration 
in Galactic sources below ~1015 eV 

• Extragalactic above ~1018 eV 
Active Galactic Nuclei? Starburst 
galaxies? 

• Transition region? 
Supernova Remnants of Wolf-
Rayet stars ? 

• Radio detection of cosmic-rays 
with LOFAR & SKA: best 
resolution in transition region.

Galactic

extra  
galactic

transition?
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Part I 
LOFAR 1.0 results
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LORA
LOFAR Radboud Array

scintillator detectors

Low Band Antennas (LBA)
30 - 80 MHz

trigger

buffer: 2ms readout 

Superterp:
* diameter ~ 300 m
* 20 LORA detectors
* 6 LBA stations  
  (= 6 x 48 antennas)

Around superterp:
* more LBA stations
* +20 LORA detectors
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The radiation mechanism
• When LOFAR observed first air showers, radiation mechanism was not 

yet understood. 


• LOFAR was unique amongst cosmic-ray radio observatories with its high 
antenna density: perfect to test theory.


• Now understood as combination of geomagnetic & charge excess 
radiation.


• All radio pulse properties well explained by models: power, polarization, 
spectrum, and timing
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The radiation mechanism
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Coherency: radiation around Cherenkov angle


high freq = sharp ring


Low freq = large blob

50-350 MHz



ID 86129434

zenith 31 deg
336 antennas
χ2 / ndf = 1.02

30-80 MHz
circles: 

pulse power in  
LBA antennas background: 

simulated power 
CORSIKA/CoREAS
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geomagnetic

Understanding the radio emission

charge excess

Figure 6. Polarization footprint of a single cosmic ray air-shower, as recorded with the LOFAR low-
band antennas, projected into the shower plane. Each arrow represents the signal from 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 core is located at the origin.

6.1 Relative strength of the charge excess mechanism contribution

Although both the geomagnetic and charge excess mechanisms are expected to be active in
every shower their relative strengths are not expected to be constant. Therefore it is instruc-
tive to determine the charge excess fraction by fitting eq. (5.4) for each event separately. In
figure 7 this fit can be seen for two example events. The distribution of the best fitting values
for the charge excess fractions of all events can be seen in figure 8. The uncertainty on a
is determined as described in appendix B and its distribution is plotted in figure 9. The fit
quality, as parameterised by ⇥2

r , is given in figure 10. With a mean ⇥2
r value of � 1.67 the

fit of single events works reasonably well. However, as will be discussed in section 6.3 there
is an additional dependence on the distance to the shower axis, that is not yet taken into
account at this stage, which will necessarily lead to suboptimal fit results.

6.2 Checking for additional dependencies on the geomagnetic angle

It is important to note that eq. (5.2) assumes that the charge excess fraction a only depends
on the angle �, that the propagation axis of the shower makes with the geomagnetic field,
through the strength of the geomagnetic contribution which is proportional to sin�. This
assumption can now be checked by looking for an additional dependence of a to � in figure 11.
No trend is seen, therefore we conclude that the charge excess contribution is independent
of the geomagnetic angle and that sin� is the proper way of normalizing the geomagnetic
component. Note that the scatter of the points is greater than their uncertainties suggest.
This indicates an additional dependence which does not scale with the geomagnetic angle.
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Interference: emission pattern = asymmetric Pim Schellart et al., JCAP 10 14 (2014)
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Full Stokes polarisation 

• Fair weather: small amount of circular polarisation confirmed by data 
O. Scholten et al., PRD 94 1030101 (2016)


• Thunderstorms: strong signal in all Stokes parameters used to 
reconstruct atmospheric electric fields 
G. Trinh et al., PRD 95 083004 (2017)
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Thunderstorm reconstruction

• Thunderstorm event have very particular polarization maps


• Fit two-layer model to full Stokes parameters
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FIG. 2: Best fit CoREAS simulations for one air shower
as measured by the LOFAR radio telescope during a
thunderstorm. The intensity pattern in the shower

plane (top panel) and as a function of distance from the
shower axis (bottom panel) are given.

ment n. 227610. LOFAR, the Low Frequency Array
designed and constructed by ASTRON, has facilities in
several countries, that are owned by various parties (each
with their own funding sources), and that are collectively
operated by the International LOFAR Telescope founda-
tion under a joint scientific policy.
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Pim Schellart et al.,  PRL 114 165001 (2015)
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Combining with lightning imaging
• Reconstruction of air shower in thunderstorm with 3-layer model


• Compare to lightning imaged one hour later

T.N.G. Trinh et al., in prep (2024)
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Timing: the wavefront shape

Figure 5: Relative arrival times for an example air
shower measured with the LOFAR low band anten-
nas. Circles indicate LBA antenna positions and
their color corresponds to the measured pulse delay
with respect to the best fitting plane wave solution.
The shower axis is indicated by the blue line cor-
responding to the azimuthal arrival direction and
cross where it intersects the ground.

those showers that do not show curvature, we see
that either the timing errors are too large to see
it (e.g. for weak showers), or the shower axis loca-
tion is too far away from the closest antennas, or
the geometry of the shower intrinsically produces a
non-curved wavefront shape.

In order to check which wavefront shape is fa-
vored by the overall dataset we perform a likelihood
ratio test. The test statistic for the conical case is:

D = �2
ln(likelihood hyperbolic)

ln(likelihood conical)
(11)

=
N�

k

�2
con � �2

hyp (12)

where the sum k is over all N showers. For an ap-
propriate choice of parameters the hyperbolic func-
tion can turn into either a conical or (in a limited
range of r) a spherical function. Thus, the solution
space of the spherical and conical fit functions are
subsets of the solution space of the hyperbolic fit.
Therefore (if the fit converged correctly) the hyper-
bolic fit will always have a lower �2/n/f value, even
when the wavefront shape is intrinsically spherical
or conical.

Under the null hypothesis that the wavefront
shape is intrinsically conical (or spherical) the test
statistic D should follow a �2(N) distribution.
From the data we obtain the value D = 6309. The
probability for this value to occur if the shape is
conical is very small, p ⇥ 10�4. There are two pos-
sible reasons for obtaining a higher value. Either

(a) Hyperbolic fit

(b) Conical fit

(c) Spherical fit

Figure 6: The arrival time di�erences from a plane
wave as a function of distance to the shower axis
with the best fitting shape solutions. A hyperbolic
(top), conical (middle) and spherical (bottom) fit
has been applied, respectively. Each plot shows the
arrival times as a function of the distance to the
shower axis (top panel) and deviations from the
best fit scaled to the uncertainty for each datapoint
(bottom panel).
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radio wavefront = hyperbolic

0.1 degree resolution

Motivated by this toy model we therefore com-
pare three parametrizations of the wavefront shape:
a sphere, a cone and a hyperboloid, and we evaluate
the quality of the fits to the LOFAR measurements.

3. Measurements

For this analysis we have used air-shower mea-
surements with LOFAR accumulated between June
2011 and November 2013. In order to have a dense,
high-quality sampling of the radio wavefront, and
a substantial distance range of more than ⇤ 150m,
we require an air shower to be detected in at least
four LOFAR core stations (each with two rings of 48
dual-polarized antennas). Furthermore, the high-
est quality data is obtained with the outer ring of
low-band antennas and therefore the sample is re-
stricted to this subset. This leaves a total of 165
measured air showers. Of these 165, three fail cal-
ibration of time di�erences between stations (see
Sect. 3.2) and one is unreliable due to thunder-
storm conditions (see Sect. 4.6). This leaves a to-
tal of 161 high quality air shower measurements for
this analysis.

All measured air showers are processed by the
standard cosmic-ray reconstruction software as de-
scribed in [12].

3.1. Pulse arrival times & uncertainties

The arrival time of the radio pulse in each dipole
is determined using the raw-voltage traces. We de-
fine the arrival time as the time of the pulse maxi-
mum in the amplitude (or Hilbert) envelope of the
analytic signal A(t).

A(t) =
�

x2(t) + x̂2(t), (1)

where x̂(t) is the Hilbert transform of the voltage-
trace signal1 x(t). The Hilbert transform is defined
by

F [x̂(t)] (⇤) = �i sgn(⇤) F [x(t)] (⇤), (2)

where F is the Fourier transform.
Uncertainties in the arrival time are assigned in-

dependently to each datapoint using the measured
signal-to-noise ratio (S/N) in amplitude and the
following relation.

⇥tmax =
12.65

S/N
ns (3)

1Upsampled by a factor of 32.

(a) Near

(b) Intermediate

(c) Far

Figure 2: Toy model motivating a hyperbolic
wavefront shape. In all three cases the wavefront
is shown for a point source emitting for a time �t
and moving downward at a velocity v > c/n, where
c is the speed of light and n the index of refrac-
tion of the medium. When viewed from a distance
d close to the point of last emission d ⇧ �t · c (top
panel) the shape is approximately conical. At inter-
mediate distances d > �t · c (middle panel) there is
curvature near the shower axis and a conical shape
further out. At large distances d ⌅ �t · c (bottom
panel) a spherical wavefront is observed.

3

Arthur Corstanje et al., Astropart. Phys. 61 22 (2015)
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Spectrum: including HBAs
• At high frequencies coherency 

condition only met near 
Cherenkov angle


• LOFAR 1.0: HBA data hard to 
interpret because of tile beam 
forming


• LOFAR 2.0: LBA + single 
element HBA, spectral 
information + resolution


• SKA-low (50-350 MHz) will also 
see ring structures

Anna Nelles et al., Astropart. Phys. 65 11 (2015)
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Energy calibration
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Cosmic ray energy scale
• Coherent emission: radiation 

energy scales quadratically with 
shower energy


• Radiation energy scale can be 
compared to other observatories 
after correcting for local magnetic 
field.

15
K. Mulrey et al.,  JCAP 11 17 (2020)



Reconstruction of Xmax

Size of radio footprint scales  
with Cherenkov angle at Xmax. 

General geometry gives  
rough reconstruction of Xmax. 

More precise Xmax by matching simulated 
2D radio footprint with data.

Toy model 
(radiation actually comes from whole shower)
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Reconstruction of Xmax

Xmax reco = 612 g/cm2

Xmax estimate from fast fit = 613 g/cm2

CONEX: dense coverage around Xmax 
estimate


sparse coverage of whole range  
needed for bias evaluation: 
all showers in sample must 
pass trigger & cutsSB et al. PRD 90 082003 (2014).
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Atmospheric corrections

• Full atmospheric profile extracted from GDAS 
database for each observed shower


• Dedicated simulations with true atmosphere, 
GDAStool plug-in for CORSIKA simulations

15Pragati Mitra, ARENA 2018

• Correction for pressure is 
important.

• Linear correction is not sufficient at
lower pressure.

• full GDAS-based simulations 
required.

Mean Xmax vs ground 
pressure

Arthur Corstanje et al., Astropart. Phys. 89 23 (2017)
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Mass composition

General trend in agreement with world data. Mixed composition around 1017 eV with light component  
 
Some tension with Auger? Dense vs. sparse array? Unknown systematic effects? 
North vs. South? 

What’s next for LOFAR 2.0 & SKA? 

19

SB, Nature 531, 70 (2016)

A. Corstanje et al., Phys. Rev. D 103, 102006 (2021)



Part II 
Towards LOFAR 2.0 & SKA
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What’s next?
• How to make progress? Increase statistics, increase energy range, improve 

resolution, develop more advanced techniques.


• LOFAR 2.0:  
fully commensal data taking + expanded particle detector array 
simultaneous LBA + HBA (single element) 
radio trigger


• SKA has additional possibilities, including constraining particle physics in 
shower  
(see next talk Arthur Constanje) 

21



LORA expansion

Proton

Iron

Preferred trigger 
LORA expansion + radio

Current trigger

2.5 km

Existing station
New station

Sample New Station

220 m

Estimated
placement
of new detectors

LORA Extension
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Software development

• LOFAR cosmic-ray calibration & analysis software rewritten.


• Old software had dependencies that are no longer supported


• New software designed to support both LOFAR 2.0 and SKA data 
modular approach, flexible to data formats and sizes


• Integrated in NuRadioReco framework: modules can be shared with other 
cosmic-ray and neutrino radio observatories
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Template synthesis
• Faster simulations are 

essential in  
LOFAR 2.0/SKA era


• New approach: use 
scaling relations to 
synthesize showers 
from templates


• Error on waveform 
amplitudes < 2% for 
vertical showers


• Now extending to all 
geometries 

Mitja Desmet et al., Astropart. Phys. 157 102923 (2024)
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The shape of the shower

25

Longitudinal profile:

LOFAR sensitive to L 
(shower length)


New parameter to constrain 
mass composition and 
hadronic interactions


See also next talk on SKA 
(Arthur Corstanje)



Reconstruction with Neural Networks
300.000 shower 
simulations with  

random core 
location

For each antenna 
determine: 

Total Power 
Arrival time 

Spectral shape

Power

Timing

FFT

Atmosphere

Train model (FCNN) on 
features to predict targets: 

- energy 
- Xmax 
- L, R 
- core position 
- full footprint

Xmax

L

R

Core position

Full footprint

Energy

26
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Reconstruction with Neural Networks

Results: 

• Xmax MAE = 17 g/cm2 
• L MAE =  6.1 g/cm2 
• R MAE = 0.022 
• Log(Energy) MAE = 0.25
• Core resolution = 3.4 m
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Near-field interferometry
• Shower axis and core 

position can be 
reconstructed by beam 
forming in near-field


• Simulation study achieves 
0.1 degree resolution with 
LOFAR layout

28

only superterp 
more stations

Tiepolo Wybouw



Conclusions
• LOFAR 1.0 

understanding the emission mechanism 
develop calibration & reconstruction techniques 
first high-resolution radio-based mass composition study in transition 
region


• LOFAR 2.0: 
more statistics, larger energy range, LBA + HBA  
new flexible software & faster simulations 
new reconstructions approaches: neural networks, interferometry, … 
shape of the shower evolution: mass composition + hadronic physics
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