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Digital Upgrade for Premier LOFAR Low-band Observing: DUPLLO

• LOFAR is getting an upgrade, primarily 
to serve astronomical observations - but 
is also highly beneficial for cosmic rays!


•Key improvements: 


-continuous observations for all 
antenna sets


-un-beamformed HBA antennas

- increased network speed


LOFAR2.0 White Paper

What is LOFAR 2.0?
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• Overall higher event rate (LBA currently ~ 15% observation) - 10x increase in usable events

• Consistent, predictable observation


	  Schröder, PoS ICRC2019 (2020)

Continuous observations for all antenna sets


What does LOFAR 2.0 mean for cosmic rays?
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• Simultaneous observation with LBA (30-80 MHz) + un-
beamformed HBA (120-240 MHz)


Low band (30-80 MHz)

High band (120-240 MHz)

Un-beamformed HBA antennas


What does LOFAR 2.0 mean for cosmic rays?
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• Higher trigger rate = less bias, more low energy events, more events total

1.5 km

Existing scintillator
New scintillator
LOFAR Superterp
LOFAR Core station

Strict trigger requirements to achieve 1 event / hour, 
limited by network bandwidth

High network speed, bias-free 
low energy detections

Increased network speed


What does LOFAR 2.0 mean for cosmic rays?
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Efforts to maximize benefits of LOFAR 2.0
1.5 km

Existing scintillator
New scintillator
LOFAR Superterp
LOFAR Core station

1.5 km

Existing scintillator

LOFAR Superterp

• Expanded triggering array
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• Expanded triggering array


• Hybrid radio - particle trigger

Proton

Iron

Threshold crossing

Buffer

16 taps

Finite Impulse Response filter

Efforts to maximize benefits of LOFAR 2.0
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• Expanded triggering array


• Hybrid radio - particle trigger


• NuRadioReco pipeline & analysis


Efforts to maximize benefits of LOFAR 2.0
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• Expanded triggering array


• Hybrid radio - particle trigger


• NuRadioReco pipeline & analysis


• Revisit calibration (phase info)

LBA LNA measurements at 
ASTRON to understand 

phase response

(B. Hare et al)

Efforts to maximize benefits of LOFAR 2.0

Galactic calibration corrects 
amplitude
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• Expanded triggering array


• Hybrid radio - particle trigger


• NuRadioReco pipeline & analysis


• Revisit calibration (phase info)


• Flexible simulation techniques Mitja Desmet et al.

arxiv.org/2307.02939

Template synthesis
Pulse interpolation

Arthur Corstanje et al. 
arXiv:2306.13514

MGMR3D

Olaf Scholten et al.
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Upcoming LOFAR analyses
Cosmic ray + lightning
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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.

– 9 –
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Pim Schellart et al., 
JCAP 10 14 (2014)
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Upcoming LOFAR analyses
Cosmic ray + lightning
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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.
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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
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– 9 –

G. Trinh et al., PRD 95 
083004 (2017)
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• Reconstruction of air shower in thunderstorm with 3-layer 
model using MGMR3D and CoREAS


• Compare to lightning imaged one hour later

T.N.G. Trinh et al., in prep (2024)

Upcoming LOFAR analyses

6.1 km

8.1 km 

shower 
axis

4.9 km 

0.94 x 10−7 C/m2

1.86 x 10−7 C/m2

−4.07 x 10−7 C/m2
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H. Schoorlemmer, W. Carvalho, Eur. Phys. J. C (2021).

Upcoming LOFAR analyses

F. Schluter, T. Huege, J. of Inst. 16(07), P07048 (2021).

Challenge: very irregular antenna spacing

Interferometry at LOFAR?
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• Preliminary simulation study achieves 0.1 
degree resolution with LOFAR layout


• Different core positions introduce scatter into 
the XRIT Xmax relation


• These studies are made simple using 
NuRadioReco! only superterp    


more stations

Tiepolo Wybouw

Amber Duijndam
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Upcoming LOFAR analyses

Interferometry at LOFAR?
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Shower development

• L important to constrain mass 
composition and hadronic 
interactions


• L responsible for scatter in parabola 
fit - indicates that LOFAR is 
sensitive to L

Upcoming LOFAR analyses
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July 2024 
LOFAR 1.0 stations go offline


Begin commissioning of un-beamformed HBA

Continued commissioning of LORA extension


Mid - Late 2025 
Piggy back (CR) mode implemented LOFAR 2.0


First LOFAR 2.0 CR data!


Mid 2024 - Mid 2025 
Finalization of LOFAR 1.0 CR data set


Development of new analysis techniques

Calibration efforts


LOFAR 2.0 timeline
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Thanks!


