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Air shower detection with LOFAR
The LOw-Frequency-ARray
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Radio detection of air showers & A FAU
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Current analyses usually only use all this information separately,
sequentially, or brute force simulation which is very resource hungry

How could one combine all information and get the most out of the
data?
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Information Field Theory

® Framework for inferring and
reconstructing spatially or temporally
distributed physical fields from
incomplete or noisy data

® Python software nifty8:

® Key Concept: In IFT, physical field is
treated as random field
— it has a probabilistic structure that
can be modeled, even when direct
observations are sparse or noisy

3D interactive version here:
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https://gitlab.mpcdf.mpg.de/ift/nifty
https://faun.rc.fas.harvard.edu/czucker/Paper_Figures/3D_Dust_Edenhofer2023.html

Information Field Theory & D EAU

® Inherently Bayesian
— uses prior knowledge about the field
— updates this knowledge based on observed data

P(d|s,n)P(s)
P(d[n)

P(sld,n) =

® By treating fields probabilistically, IFT can provide uncertainty quantification
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Holistic air shower reconstruction
Idea 1

b
M
B
c

for Astroparticle
Physics

® Observing the same field s with two different measurement
devices & reconstructing together is possible by multiplying
likelihoods!

dl = RlS -+ n1
d2 = RQS + No
P(s|dy,ds) o< P(dy,ds|s)P(s) = P(di|s)P(dz2|s)P(s)

® But for very different measurement devices (particle and
radio) it can be hard to find a common description for field s
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Holistic air shower reconstruction & o |§/A\U
Idea 2

®Find a parameterized model that relates to physical properties (CR energy, Xmax, 6, $,...) for each
measurement device
® Optimise the parameters simultanously using IFT

® Current status: building and testing the models separately
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Radio footprint reconstruction

Background: ground truth
Dots: sampled mock data + noise

200 -

100 A

—100 A

Position in v x v X B-direction [m]
o

—200 A

-200 -100 0 100 200
Position in v X B-direction [m]

0.4

0.3
£
a

02 =
4]
(@)
=
Q
=

0.1 =
o
Q
-
Ll

- 0.0

- —0.1

Position in v X v X B-direction [m]

200 -

100 A

o
1

—100 A

—200 A

—200

-100 0 100 200
Position in v X B-direction [m]

- 0.0

Energy fluence [eV/m?]

Karen Terveer

Erlangen Centre for Astroparticle Physics

11/13/24

9



Position in v x v x B-direction [m]
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Physi

A good reconstruction & A\‘%
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Position in v x v x B-direction [m]

A bad reconstruction & oran D

When the core does not reconstruct well
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E-Field/trace reconstruction

,
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* LOFAR antenna is very resonant = reconstructing a frequency spectrum for the lower and
higher end of LBA bandwith with noise present is challenging
* E-Field parameterization depends on

°* 0, ¢ 1.0 -
* The ratio of geomagnetic and charge excess
contributions > “
* The antenna position relative to the shower core s
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Future: Combine E-Field and LDF & AN FAU

* The current challenges are be due to limited information and
degeneracies in the parameterizations!
* Combining E-Field and LDF reconstruction and (in the future)

adding particle data is expected to greatly improve the
performance

* End goal: Plug data in, press “magic button” and get full
reconstruction
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Summary & ‘i.*‘v FAU

* Cosmic ray induced air showers produce radio
emission that can be measured by detectors like
LOFAR

* Reconstructing air shower parameters using all
available information is a challenging task

* Information Field Theory is a possible solution
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Radio emission from air showers & o |§/A\U

® Cosmic ray produces air shower upon interaction with
atmosphere
® Two effects: Askaryan effect and geomagnetic emission cause
radio frequency emission that can be measured with antennas
T. Huege, Phys. Rep. 620, 1 (2016)
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~ 100 reconstructions &
for abs(core_truth-core_reco) < 10 m
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LDF parameterization & “3“; |E/A\U
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https://github.com/cg-laser/geoceLDF

Air shower detection with LOFAR Q}\V |,.|§/A,é\\u
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