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Since 2014, the Pierre Auger Observatory has exploited a dedicated trigger and its very high time
resolution to study ELVES and harvest record samples of multiple ELVES using the Fluorescence
Detector (FD). In 2017, after extending the readout of trace lengths to 0.9 ms, we started observing
other types of light transients from the base of the ionosphere, such as HALOS, which deserved
further investigation. In December 2023 and April 2024, we installed two additional cameras
(TLECAMs), which allow us to perform simultaneous detection of these transients with higher
space resolution and longer integration times. Here, we present our first simultaneous observations
of SPRITES and ELVES by both TLECAMs and FD. Furthermore, we describe the Python
algorithm based on DBSCAN to automatically detect SPRITES in the videos recorded by our
TLECAMs and acquire data efficiently without needing the FD trigger.
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1. Introduction

The Pierre Auger Observatory is the world’s largest infrastructure for the study of ultra-high
energy cosmic rays. Besides its main activity, the Observatory has started a program of cosmo-
geophysics studies, which exploit some of the unique features of its detectors. ELVES (Emission
of Light and Very low-frequency perturbations due to Electromagnetic pulse Sources) are transient
luminous events occurring at the base of the ionosphere when a strong electromagnetic pulse
(EMP) is emitted by lightning. This phenomenon, theoretically predicted a few years before [1],
was photographed for the first time in 1990 from the Space Shuttle [2]. For an observer on the
ground, ELVES appear as rapidly expanding rings, smoothly fading towards the horizon, and can
be observed at distances up to more than 1000 km from our fluorescence detector (FD) [3]. The
center of the expanding rings is not above the vertical of the causative lightning but at the point of
the minimum light path between source and observer, as we explained in our previous papers [4, 5].

Figure 1: The new TLECAMs: Sony «7-111I (left), ZWO ASI294MC (center), mounted in parking position
with the field of view on the back (right).

The events triggered by the Auger Observatory are produced by lightning sources far enough
from the FD, i.e. more than 250 km away, so that the earth’s curvature prevents the direct light from
reaching our sensors. In 2013, we developed a dedicated trigger and readout scheme to study these
events using the twenty-four FD Telescopes [6-9]. Since 2017, we have extended the length of
recorded traces to up to 0.9 ms to measure the doughnut-shaped region of maximum emission fully.
Such an upgrade has opened perspectives for observation of other types of Transient Luminous
Events (TLEs from now on), such as the halos, as we reported at the previous ICRC conference
[10]. In December 2020, we implemented the ELVES trigger and readout in the data-taking of
the three additional high-elevation telescopes (HEAT [11]), to allow observing ELVES from closer
lightning at distances between 150 km and 250 km.
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Table 1: Technical specifications of TLEcam-1 and TLEcam-2

camera type sensor size objective
TLEcam-1 Sony a7-1I1 35.8x23.8 mm? (6000x4000) 7artisans 50mm f/0.95
TLEcam-2 ZWO ASI294MC  19.1x13 mm? (4144x2822) Sigma 20mm /1.4

2. Complementing Auger FD observations with TLE cameras

The main drawback of the high time resolution of the FD is the limit on the recordable trace
length, which cannot exceed 1 ms without introducing large dead time on the DAQ for cosmic ray
observations (a 0.9 ms event requires 9 seconds to be written to disk). A second limitation comes
from the memory depth of the second-level trigger, which can take up to 64 consecutive traces,
i.e. 6.4 milliseconds. In a significant fraction of ELVES triggers, we observed full saturation of
the second-level memory buffers, suggesting extended emission of light from the horizon. In most
cases, despite the top of the thunderstorm cloud being below the horizon, multiple scattered light
from the bolt can reach our sensors a few ms after the ELVES.

Figure 2: Sony camera alignment with brightest stars. Green crosses indicate the elevation of a potential
ELVES center (h=90 km) as a function of the distance of the lightning source. Yellow crosses indicate the
elevation of the top of a 15 km high cloud as a function of the distance of the lightning source. The colored
hexagons show the field of view of each FD pixel.

Various other types of “transient luminous events” (TLEs) can indeed occur at the time of
the lightning: besides halos, we can expect to detect SPRITEs (the acronym stands for Strato-
spheric/mesospheric Perturbations Resulting from Intense Thunderstorm Electrification) or blue
and gigantic jets. SPRITEs were theoretically predicted by CTR Wilson in 1925 [12] to occur under
strong thunderstorms when a positive cloud-to-ground strike is taking place. SPRITEs, recorded
for the first time in 1989 [13], are intense discharges moving both upwards and downwards from
70 to 40 km altitude, with widths of about 0.1 km and time scales of about 5 ms to 100 ms. Such
discharges can appear almost simultaneously over a horizontal distance of several km, have peculiar
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shapes (similar to jellyfish or carrots), and are significantly brighter than the ELVES. Blue and
gigantic jets [14] last even longer than SPRITEs, start from the top of high thunderstorm clouds,
and can last a few tenths of a second, and can reach the base of the ionosphere. To complement
the FD observations of ELVES and halos, we installed, in the proximity of the FD site at Coihueco,
two cameras with high photon sensitivity, good space resolution and a field of view comparable
with that of each FD telescope, capable of recording video sequences at speeds of up to 100 fps.
The specifications of these two cameras are summarised in Table 1. Both cameras are read by an
Intel NUC PC via USB-3 ports. This paper reports the preliminary results from the first year of

commissioning of these new devices.
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Figure 3: The SPRITE image recorded by TLEcam-1 at GPStime 1388643594 overlapped with the final
frame of the ELVES detected by the Coihueco FD.

The Sony camera (named TLEcam-1) was installed in December 2023 and could take data
during the Austral summer 2023-2024. The ZWO camera (named TLEcam-2) was installed in April
2024, after the storm season, and the first observation of a TLE (consisting of an ELVE, followed
by a SPRITE) by both cameras occurred on November 28, 2024.

Both cameras are mounted in the same enclosure, shown in Fig.1, which can be remotely
controlled via an Arduino microprocessor to rotate azimuthally over a range of about 90 degrees
centered in the North-East direction, looking towards the city of Cordoba. The Arduino processor
is also used to power on and off TLEcam-1 via a custom-made actuator. Synchronization between
FD observations and TLE events is, at present, not better than 100 ms. The alignment between
the two cameras and the field of view of the FD telescopes has been performed using the brightest
stars, as shown in Fig. 2, which also shows the elevation of a ninety-km high ELVES center (green
crosses) and a fifteen-km high cloud top (yellow crosses) as a function of its distance. Throughout
the whole commissioning period, cameras were manually steered to follow the storm evolution
using the online data browser GeoRayos [15], available at https://georayos.citedef.gob.ar/.
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3. First events observed by TLEcam-1

TLEcam-1 records 40 ms frames in 5-minute files. The first events were observed in the
morning of December 13, 2023: we detected a few ELVES triggers with our FD, and the first four
SPRITEs events. Only one SPRITE was correlated with the ELVES within 0.1 s. In principle, we do
not necessarily expect a direct time correlation between ELVES and SPRITEs, but the observation
of five SPRITEs in closer time coincidence with ELVES events on January 7, 2024, indicates that
the causal connection between these two types of TLE may depend on the type of thunderstorm.

Fig.3 shows one of these events, overlapping the SPRITE profile with the light profile recorded
by the FD pixels at the same time, after the ELVES. As this event occurred at an estimated distance
of 650 km, the light of the ELVES (much dimmer than the one of the SPRITE) is not visible in
the video recorded by the Sony camera. Only one of the five events (recorded at GPS time =
1388641179, shown in Fig.4) shows a clear increase in light intensity from the pixels spatially
overlapped to the SPRITE image. The left plot shows that the SPRITE is mostly contained in
pixel C11R1. The integral of the light curves in pixels C11R3,4 related to the ELVES is one order
of magnitude or more smaller than the following light pulse, seen only in pixels C11R1,2. The
absence of similar behavior in the other events suggests that in most cases the SPRITE can occur
many milliseconds after the ELVES.

Another storm on March 9, 2024, yielded seven SPRITEs observations, none of which had an
ELVES trigger in the same GPS second. Six of these events are shown in Fig.5. The glow below
the SPRITE is due to Rayleigh scattered light coming from the top of the thunderstorm cloud.
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Figure 4: Left: SPRITE image, overlapped to the pixels grid. Right: the traces corresponding to the
indicated pixels, showing the initial part of the SPRITE pulse.

4. Python code for automatic detection of TLE

From the first months of commissioning, the observation of a very large number of TLE events
without correlation to ELVES triggers urged us to design software code which was capable of
processing the large data flow of images produced by TLEcam-2 (typically 10 GB in 10 minutes),
in almost real time, and detect SPRITES by simply comparing consecutive frames. Therefore
we made use of Python libraries to (a) convert color images to grey-scale (PIL.Image.convert),
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Figure 5: Six SPRITEs recorded on March 9, 2024.

and (b) finally to numerical arrays (NUMPY.array), (c) to create 2D-vectors above a certain
threshold (NUMPY.argwhere), and (d) to search for clusters of points in the resulting arrays
(SKlearn.DBSCAN). This allows for reducing the size of recorded data by two or more orders
of magnitude while keeping only about sixteen frames in the time window of about one second in
close proximity with the SPRITE candidate. When the storm is close to the Observatory, the most
dominant residual background is due to the Rayleigh scattered light from the lightning and can be
significantly reduced by properly adjusting the lower edge of the analysed image. After this cut, few
background events due to meteors, trucks’ headlights, and bright stars remain. Processing times (=
15 minutes to process 10 minutes of data) are not sufficient to filter the data in real time, but allow
for processing them during the following day.

5. First TLE events observed by both cameras

The second camera, TLECAM-2, was installed in April 2024, but no more storms in the field
of view occurred in the following periods of data taking. Typically, the storm season in Argentina
peaks in Austral spring and summer, and therefore, we had to wait for November 28, 2024, when
three large storms in three hours produced up to thirty SPRITEs in the field of view of TLECAMs,
but only one of these events had both an ELVES and a SPRITE in coincidence. Such event, observed
at GPS time = 1416802034 by two Auger FD telescopes (HEAT positioned pointing downwards
[10, 11], i.e. between 2 and 30 degrees, and Los Leones) had several interesting properties: (a)
the source was reconstructed at a quite large distance (about 950 km), (b) is a double ELVES, (c) a
ring of light around the SPRITE is clearly visible in the TLEcam-2 image, visible in Fig.6, right,
obtained by subtracting two successive frames.

As we do not expect our TLE cameras to be sensitive to ELVES more than 350 km away
from the FD, we conclude that the ring recorded by TLEcam-2 is actually a halo, followed by the
SPRITE. From the shape of the light curves and the analysis of the second-level trigger data (T2),
which will be described in the next section, we could evince that (a) the halo and the TLE started
more than 1 ms after the ELVES. The reconstruction in Fig.6, left, shows the last 2 us recorded in
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Figure 6: Left: Sprite detected at GPS time = 1416802034, overlapped on the last image recorded by the
Los Leones FD, corrected for the parallax relative to Coihueco; Right: the result of the subtraction of two
adjacent frames shows not just the SPRITE but also a ring of light with a diameter of about 130 km, which
is interpreted as a halo.

HEAT, overlayed on the picture from TLEcam-2. The arrow indicates the location of the ELVES
center resulting from our reconstruction.

6. FD-TLEcam time synchronisation

The timing of the TLEcam images is given by the Unix time of the PC. TLEcam-1 records the
starting time of each 5-minute movie, and for each subsequent frame, a recording speed of 12.5
frames per second (fps) is assumed. TLEcam-2 time tags each frame independently, recording
60 ms images with a frame rate of 16 fps. The poor time resolution does not allow for a proper
comparison of our TLE observations with other lightning detection networks, such as ENTLN [16].
To improve the timing of each TLE recording, we are studying the FD timing of light pulses which
pass the second level of trigger (T2) whose time stamps are saved in a local database, together with
other information such as the number of triggered pixels in a given telescope, and the length of
the T2 buffer waiting to be processed by the 3rd level of trigger (T3). The T2 level requires five
adjacent pixels to be hit in a row-like pattern. Typically, ELVES produce a few consecutive T2s
(less than ten) with a large number of hit pixels, very often in more than one telescope. In contrast,
SPRITEs can trigger a large number of consecutive T2s (up to 64 in our buffers, corresponding
to 6.4 ms) with very few hit pixels, usually in just one telescope. As an example, we give the
timing distributions for the events recorded on January 24, 2025, when more than sixty SPRITEs
were generated by a large mesoscale convective system. The left plot in Fig.7 illustrates the time
difference between the TLEcam-2 frame nominal time and the first T2 in the cluster identified in
the same GPS second. The right plot shows the duration (in ms) of the series of adjacent T2s.

7. Conclusions and Acknowledgments

If the observation of ELVES at the Auger Observatory has provided more insights about
the time evolution of these fast transients, one of the still open questions concerns the causal
connection between different types of TLEs, which seem to originate from independent mechanisms
occurring in the evolution of the lightning discharge. During this first period of commissioning,
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Figure 7: Left: the difference between the time stamp of the SPRITE labeled by TLEcam-2 and the first T2
recorded by the FD. Right: the time duration of a SPRITE as measured from the T2s in the FD.

the TLECAMs described in this paper have been manually controlled to follow the evolution of
the storms. An asynchronous method for an automated offline selection of the TLEs has been
designed and optimized to operate efficiently even without ELVES triggers in coincidence, but
using additional time information provided from the second level of trigger in the FD.

The realization of these new instruments would not have been possible without the invaluable
help of J. R. Rodriguez, N. Leal, F. Gobbi of the Malargiie staff, and F. Borotto of the INFN Torino
Mechanical Workshop.
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