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To approximate the fields radiating away from the CG discharge, the model starts with the 
Hertz dipole equations in spherical coordinates[1,2]. The resulting field components are then 
propagated through the atmosphere using Maxwell’s equations. Then, the heating and the 
ionization of the ionosphere are calculated from the effective electric field wavefront propagating 
in the 80 km-thick ground-ionosphere waveguide. The resulting photon emissions from the Second 
Positive system of the nitrogen molecule are obtained. Above, the projected pixel array is overlaid 
on top of a simulated ELVES with 1km-altitude grid discretization and a real ground impedance 
approximation. The same event in the detector coordinate systems is shown below with its full 
time integration and 100 us snapshots.
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Imaging Ionospheric Light Emissions (ELVES) with the Pierre Auger Observatory
How are ELVES created? How are they observed? How are they simulated?

Emissions of Light from Very low frequency Electromagnetic pulse Sources 
(ELVES) are one type of Transient Luminous Event (TLE) used to probe the 
physical properties of thunderstorm lightning. With the Fluorescence 
Detector (FD) of the Pierre Auger Observatory, we observe ELVES with a 100 
ns time resolution, allowing us to resolve internal structure of the causative 
EMP. To understand the lightning processes featuring in ELVES data at Auger, 
we analyze a model of the lightning strike, the pulse propagation, the 
ionospheric heating, and the UV photon emission. 

TLE’s are phenomena created by quasi-
electrostatic fields from thunderstorm’s charge 
dispositions and by EMP’s originating from cloud-
to-ground (CG) or intra-cloud (IC) current 
discharges. Charges of opposite polarity form 
multiple layers throughout the height of a 
thunderstorm. The quasi-electrostatic fields 
create run-away electrons in the upper parts of 
the mesosphere, resulting in optical emissions 
known as sprites, halos, or gigantic blue jets. A 
CG or IC discharge is a complex process with 
peak currents reaching tens of kilo-amperes. 
Streak-camera images provide a ‘first look’ into 
the internal structure of negative CG discharges 
by moving the camera horizontally, with the 
shutter open, across the field of view[4,5,6]. 
Charged particles are deposited along an 
invisible channel from the cloud to the ground, 
followed by a visible flash in the form of a 
return stroke (~10 µs), which neutralizes the 
channel. The resulting EMP propagates to the 

bottom of the ionosphere and creates ELVES. 

The Pierre Auger Observatory is located in Malargue, Argentina. The Surface Detector (SD)  
consists of water Cherenkov tanks covering an effective area of 3000 sq. km (colored in blue on 
the map below). The FD has four eyes, with 180 degree azimuthal coverage each, are locate 
strategically around the array[3]. Each eye consists of six telescopes with a Schmidt camera design. 
The UV light (300-420 nm) enters though the aperture and it is reflected by a 3.6 m diameter 
mirror onto the pixel array. The camera consists of 440 PMT’s with individual field of view of 1.5 
degrees. The signal is digitized every 100 ns and the data is readout every 100 µs while processed 
through three levels of triggering algorithms. To improve the ELVES research, in 2013, the trigger 
was altered to acquire up to 300 µs. In 2017, we realized a super-extended trigger was necessary 
to study the regions above the lightning source, hence we now acquire up to 800 µs of data. 

To get a first interpretation of the acquired data, we selected two events with the lightning 
source centered in the array of pixels. The event at the top is visualized in two 100 us snapshots. 
Each pixel has a distinctive trace representing the change in ADC counts over 1000 time bins of 100 
ns. The integral of the pulse or the timing of the peak intensity can be used to interpret the data 
on a color scale. The event below is represented on the pixel array projected to the base of the 
ionosphere. The pixels higher in the camera see the base of the ionosphere 300 km away, while the 
lower pixels are projected almost 1000 km away and their effective area is extremely elongated. 
The color scale illustrates the integral value of the fits. Pulses from different rows are displayed in 
the plot next to the pixel array and feature structure recoverable by simulation. 

This project requires extensive 
understanding of the geometry of the 
e ven t and t he e f f e c t o f t he 
atmosphere on the signal. As shown in 
the figure below, the simulated signal 
features characteristics similar to the 
data. The next step is to apply the 
proper atmospheric corrections and to 
extend this work to create a database 
of simulated ELVES, to which we can 
compare the data. As can be seen in 
the traces below, improvements on 
the discretization and the pixel 
geometry have to be done. Most 
important, the propagation of the 
signal needs to be simulated through 
the detector geometry to replicate 
data as accurately as possible. This 
s tep requ i res the use o f the 
reconstruction framework (Offline) 
developed specifically for Auger.
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The Andes as seen from the Pierre Auger Observatory in Malargue, Argentina 

The 3D Simulation of ELVES
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