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Abstract

Downward Terrestrial Gamma-ray Flashes (TGFs) are sub-millisecond bursts of MeV gamma rays
produced in thunderclouds. According to the Relativistic Runaway Electron Avalanche model,
gamma rays are produced, via bremsstrahlung, from electron cascades activated by a relativistic
“seed” electron. It is not clear what mechanism is responsible for the acceleration of electrons

to relativistic energies in electric discharges. To better understand the acceleration sites and

the TGF production mechanisms, it is critically important to identify the TGF source position

and geometry in the atmosphere and to study the gamma emission characteristics. The Surface
Detector of the Pierre Auger Observatory, with its 1600 water-Cherenkov detectors very sensitive
to high-energy photons and with a very fine time-sampling, is a valuable instrument to study
downward TGFs. The possibility to analyze the radiation emission in detail led to the observation
of the first TGFs with an asymmetric azimuthal structure, suggesting a complex source different
from the initially hypothesized downward beam. We report on these observations and the new
perspectives which may open with the incorporation of new instruments at the Auger site to study
lightning development alongside gamma emission, and the increasingly detailed data provided by
satellites and global lightning networks.
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produced in thunderclouds. According to the Relativistic Runaway Electron Avalanche model,
gamma rays are produced, via bremsstrahlung, from electron cascades activated by a relativistic
“seed” electron. It is not clear what mechanism is responsible for the acceleration of electrons
to relativistic energies in electric discharges. To better understand the acceleration sites and
the TGF production mechanisms, it is critically important to identify the TGF source position
and geometry in the atmosphere and to study the gamma emission characteristics. The Surface
Detector of the Pierre Auger Observatory, with its 1600 water-Cherenkov detectors very sensitive
to high-energy photons and with a very fine time-sampling, is a valuable instrument to study
downward TGFs. The possibility to analyze the radiation emission in detail led to the observation
of the first TGFs with an asymmetric azimuthal structure, suggesting a complex source different
from the initially hypothesized downward beam. We report on these observations and the new
perspectives which may open with the incorporation of new instruments at the Auger site to study
lightning development alongside gamma emission, and the increasingly detailed data provided by
satellites and global lightning networks.
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1. The observation of downward TGFs at the Pierre Auger Observatory

Terrestrial Gamma-ray Flashes (TGFs) are intense bursts of gamma radiation originating in
Earth’s atmosphere, typically associated with thunderstorms and lightning activity. They can last
from 10’s of us to a few milliseconds. They can be directed upwards and downwards. Upward
TGFs were discovered in 1994 by satellite-based instruments [ 1] and extensively studied. Downward
TGFs were observed in 2004 for the first time and their statistics are still low. TGFs provide critical
insights into high-energy processes occurring within thunderstorms, offering a unique window into
the complex interactions between electrical phenomena and high-energy particles. The development
of a TGF is explained by the RREA (Relativistic Runaway Electron Avalanche) mechanism. But
how is the electron cascade triggered? At what stage of a lightning development does this occur?
Why are TGFs so bright? Additionally, why are some lightning of the same type accompanied by
TGFs and others not? These questions remain not fully understood.

Observing TGFs from the ground is essential for complementing satellite data, enabling detailed
studies of their spatial and temporal characteristics, and improving our understanding of their
production mechanisms. The Pierre Auger Observatory [2], primarily designed for ultra-high-
energy cosmic ray detection, has proven to be an excellent instrument for detecting TGFs. Its
extensive Surface Detector (SD) array and atmospheric monitoring systems [3] present a valuable
opportunity to detect and analyze high-energy atmospheric events, contributing significantly to the
growing field of TGF research. From space, even if a TGF was observed by 2 or 3 satellites positioned
hundreds of kilometers apart, its source would be reconstructed with a large uncertainty. Ground
observatories such as the Pierre Auger Observatory, on the other hand, allow for detailed sampling
of the TGF emission, enabling the study of the signal distribution and precise reconstruction of the
TGF source position. Additionally, water-Cherenkov Detectors (WCDs), which are the fundamental
units of the Auger SD, are highly sensitive to gamma rays with energies above 1 MeV —such as
those produced by TGFs— and can detect signals with a temporal resolution of 10’s of ns.
Downward TGFs detected at the Pierre Auger Observatory exhibit a signature and temporal evolution
that are remarkably different from those of a shower generated by an ultra-high-energy cosmic
ray [4]. The number of triggered SD stations is significantly higher than that typical of extensive air
showers, with the footprint spanning approximately 200 km?. Additionally, the signals observed
in the WCDs last over 10 ws, which is an order of magnitude longer than the duration of signals
produced by cosmic-ray showers. For this reason, these stations are called "long-signal stations".
Finally, these events are characterized by the presence of at least one "lightning station" with a signal
dominated by high-frequency noise. For each station, we have three signals from three different
PMTs looking into the water from above. They collect the Cherenkov light produced by charged
particles crossing the station. The water depth of 1.2 m allows high-energy photons to convert into
electron-positron pairs with high probability and to produce a signal. The signals are then digitized
by a 40 MHz FADC. The SD trigger system employs a hierarchical logic [5]: two local station
triggers (T1 and T2) identify candidate signals based on signal amplitude and timing, which are then
combined into a global T3 trigger to confirm the presence of a genuine event (cosmic-ray shower or
TGF) across multiple detectors. The event formation, the communication with the stations, and the
saving of all information related to an event are managed by the CDAS (Central Data Acquisition
System).
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The installation of AugerPrime, the major upgrade of the Pierre Auger Observatory, has recently
been completed. It includes the addition of new detector components, scintillators and radio
antennas, and the replacement of the electronic boards in each SD station. Within AugerPrime,
there is also the intention to continue detecting downward TGFs by leveraging the potential offered
by the new electronics and utilizing the new detectors, particularly the scintillators, to compare our
signals with those from other experiments that detect downward TGFs using this technology.

2. Characterization of TGF footprint and theoretical implications

We have observed less than 2 events/year, while at least 30 events/year are expected considering
the known lightning rate at the Observatory and a lightning/TGFs ratio of approximately 103.
Moreover, most of our TGF events show a lack of signals in the center of the footprint. Both are
due to electronics, trigger, data acquisition, or post-acquisition processing of the Auger SD which is
optimized for rate, shape and signals of cosmic-ray showers [4]. Despite an inefficient acquisition for
TGF events, further complicated by a modification in the SD trigger in 2014, the 22 events collected
before 2017 allowed us to put constraints on the current understanding of downward TGFs. The
rising and falling edge of our TGF long signals can be fit with an exponential function and this
is compatible with the relativistic feedback mechanism, one of the models that try to explain the
TGF origin [9]. Moreover, using instruments available at the Auger Observatory for monitoring the
atmosphere, we verified that, at the time of our events, there were thunderclouds with a base at 1-2
km from the ground. This is consistent with the source height we reconstruct from the arrival times
of TGF signals at our stations, and it aligns with what is expected for downward TGFs. We also
studied Convective Available Potential Energy (CAPE) and the Precipitable Water Vapor (PWV) in
coincidence with Auger events and we observed that they occur at the beginning of a thunderstorm.
At the moment, this result might be biased by the described acquisition issues, which can cause us to
detect only a portion of the events produced by a certain thunderstorm system. Finally, we compared
the deposited energy at the ground of the Auger TGF events as a function of the distance from the
source - the center of the footprint - with the deposited energy obtained simulating a standard TGF
(10'7 - 108 photons) having a normal, wide or isotropic emission cone. The Auger TGF brightness
is similar to expectations but the trend as a function of the distance from the source is not well
reproduced by the standard models. Further studies were conducted to understand if a tilted TGF
could explain the observed trend and first results have shown that Auger TGFs are asymmetric
about their vertical axis. They also present two peaks in the azimuthal direction (see figure 1). This
azimuthal substructure was predicted by several model but never previously observed [6, 7].

3. Performance of the long-signal algorithm for identification of TGF traces

As explained in section 2, the Auger trigger and acquisition system are not optimal for TGF
detection. During a thunderstorm, the T3 rate can be up to 10 times higher than under normal
conditions, and the CDAS does not have a large enough buffer to acquire all the events. It is
highly likely that TGF events are not being recorded since the majority of triggers are caused by
noise induced by lightning. We could increase the data-taking efficiency for TGFs by enforcing the
read-out ordering and prioritizing events containing stations with long signals, which are typical
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Figure 1: The left panel shows a TGF footprint. The dots represents the active stations and their color is
proportional to the signal. It is clear that the signal distribution is asymmetric. At the same distance from
the center is not the same at different azimuthal angles. Moreover, the signal variation as function of the
azimuthal angle presents two peaks as shown on the right panel.

of TGFs. Following this idea, an algorithm to identify long signals was implemented in WCD
electronic boards in November 2021 [8]. The lightning noise, that causes the increase in trigger rate
during thunderstorms, is a high-frequency bipolar noise that can be cancelled if a sufficiently long
time interval of the trace is integrated. Therefore, in this algorithm, three large integration windows
are used. The trigger condition is fulfilled if the sum of the differences between the integrals over
the three windows exceeds a certain threshold. The choice of intervals, from studying in detail the
available TGF sample, covers the beginning and end of the long signals and should exclude cosmic-
ray signals. This algorithm is not a trigger, but a “tagger” because it uses the data recorded with the
already existing triggers and just adds a new "long flag" to the existing T2s. To study the algorithm
performances, we analyzed the data collected from December 2021 to March 2022. We chose to
focus on this period first because these months are usually characterized by an abundant presence
of lightning, and also because the subsequent lightning season was already significantly affected by
the installation of AugerPrime, involving the replacement of the WCD electronics boards. We need
to analyze two different types of data: the SD data cointaining all the events which passed the T3
trigger level and the T2 dumps, which store all T2 messages received at CDAS with information on
the station, trigger type, and GPS microsecond, but not the signal trace. Therefore, we search for
"long flags" in T2 dumps and we verify the real trace type in the corresponding SD data. In January,
we found the first "new" long signals after 8 years. It was detected by two PMTs of the station
and is shown on the left of fig. 2. Unfortunately, for the other stations of this event which were
tagged as "long signal", we lost the trace in the T3 event. It can happen that if we have a GPS block
associated to a T3 trigger, but the station nanosecond doesn’t match with the trigger time to within
3 us, the trace is not saved in T3 event and the station is tagged as "T3 lost". This often occurs
for stations of "TGF candidates" due to their different temporal evolution compared to extensive
air showers. On the right panel of fig. 2, the daily "long flag" rate is shown throughout the entire
month of January. The rate is dominated by stations not having a genuine long signal, but typical
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Figure 2: Left: A "long signal" detected in January 2022 with the "tagger" algorithm designed to identify
TGF traces and prioritize TGF acquisition in CDAS. Right: The daily "long flag" rate in January 2022.

signals produced by showers induced by the most energetic cosmic rays. Immediately following,
there are the "T3 lost" stations, and then the "lightning stations". This result, very similar to those
observed in the other analyzed months, along with the detection of a genuine long signal, leads
us to conclude that the algorithm is indeed capable of selecting "long stations" while discarding
"lightning stations", consistent with our initial purpose. In the future, the algorithm could be further
optimized to improve the discrimination between long signals from TGFs and signals from highly
energetic cosmic rays. Additionally, the rate of "T3 lost" stations should be reduced.

The information about the "long flag" in T2 dumps, despite the traces being lost in SD data, allowed
us to select bursts of events that, in coincidence with lightning data provided by global lightning net-
works such as WWLLN [10] and ENTLN [11], and the geostationary lightning mapper GLM [12],
enabled us once again to understand the importance of having a dedicated trigger for the detection
of TGF events at Auger. A first burst was identified on December 8, 2021 (figure 3 - left: time
evolution, right: footprint of the burst events). It is very similar to the previously detected bursts:
a series of T3 events detected within a few milliseconds, with the last event being a TGF [4].
A negative cloud to ground lightning was detected at the same GPS second of our burst and the
lightning position, indicated by the red star on the right panel of figure 3, approximately coincides
with the center of the last burst event’s footprint. Furthermore, by comparing the burst of events
with the radio waveform detected by the ENTLN antenna closest to the Auger Observatory, we
observed that the last event, the TGF as suggested by Auger observations prior to 2017, coincides
with a small peak in the return stroke waveform, called "reflection pulse,” which is the moment in
lightning development when certain types of TGFs are expected [13]. This observation is consistent
with other observations by THOR experiment in Japan [14, 15]. We also searched for a burst prior
to the event containing the genuine long signal, but no evidence was found. The TGF could be
associated with lightning of positive polarity for which no event bursts are expected. Finally, thanks
to the "long flag", we identified a burst of 12 events on a time scale of 600 ms shown in the left
panel of figure 4. As usual, a temporal coincidence corresponds to a spatial coincidence. However,
the 600 ms timescale is not compatible with the development of a lightning strike. In fact, we found
three lightning strikes detected at the times of three of our events. If we analyze a smaller time
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Figure 3: Left: T3 burst detected in December 2021. Each histogram shows the time distribution of the
stations with signal. If all event stations are "T3 lost", the event is identified by a line corresponding to the
GPS time of the event. Right: The burst time scale is consistent with the time evolution of lightning and
each event was detected in the same zone of the array, coincident with the position (red star) of a negative
cloud to ground lightning collected by ENTLN.
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Figure 4: Left: Burst of 12 events detected in February 2022. The overlapping black lines on top of the
colored lines represent the timing of lightning strikes observed in conjunction with our events marked with
the numbers (1), (2), (3). Right: Analyzing a shorter time window (£25 ms) around event (1) coinciding with
a positive polarity lightning, we do not find any additional events as expected. We found a similar behavior
for events (2) and (3).

interval around the three events with a coincident lightning, we observe that each of them is isolated
(right panel of fig. 4) as the event with the genuine long signal. Further studies are necessary to
better understand if we are observing one or more types of TGFs. In March 2022, we haven’t
found interesting events, but the end of the Argentinian lightning season is approaching and this is
confirmed by the global lightning network databases.

This study has shown that the Pierre Auger Observatory with an optimized acquisition system and
a "tagger" for TGF long signals can strongly contribute to the classification efforts of these events
which the atmospheric electricity community has actively been pursuing over these years. Addi-
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tionally, in section 2 we highlighted the uniqueness of an observatory like Auger for understanding
the TGF production models.

The rate of T3 events with at least one station tagged by the "long flag" is very low, 1-2 events per
minute. In the four analyzed months, a rate of 12 events per minute was reached only once. The
implementation of the "flag long" on the old WCD electronic boards has not negatively affected the
detection of cosmic rays in any way. The "flag long" will be implemented on the new SD station
electronic boards before the next lightning season.

4. Future Lightning Local Network at the Auger Observatory

TGFs and lightning emit radio waves. The TGF gamma signal is observable within a few km,
radio waves over hundreds of km. This has allowed us so far to leverage information from the
worldwide lightning networks. Lightning emit radio signals during various stages of the discharge.
It is very important to correlate the gamma measurements with radio measurements to better
understand the TGF production mechanisms. Radio emissions cover several wavelength bands and
several instruments can be used for lightning studies. E-field mills, fast and slow antennas measure
DC and LF signals, while interferometers and lightning mapping arrays are used in the HF/VHF
band. The VLF/LF range provides different types of signals, such as energetic in-cloud pulses (EIPs)
and slow pulses, which could be related to direct emissions from TGF currents. The VHF range is
very good for mapping lightning in 2 and 3D and are sensitive to fast and short range discharges.
Previous studies have shown that intense VHF emissions are closely correlated with high-energy
bursts such as X-rays and TGFs, particularly during negative stepped leader development [16, 17].
At the Pierre Auger Observatory, to improve the correlation studies between TGFs and lightning,
we can already take advantage of an E-mill array [3], an interferometric array of VHF antennas
that will be described in detail in section 4.1, and a LF/VLF instrument array will be deployed very
soon [18] to complete the observatory’s lightning RF capabilities.

4.1 BOLT General Information

The Broadband Observatory of Lightning and TGFs (BOLT) is a novel instrument under
development at the Pierre Auger Observatory. It repurposes the existing AERA infrastructure— very
high frequency (VHF) antennas operating in the 30—80 MHz band—into a dedicated interferometric
array optimised for lightning mapping, from the earliest breakdown processes to return strokes.
BOLT comprises 11 stations—four core, three mid-range, and four remote—spanning baselines
from tens of metres to several tens of kilometres [19]. As shown in figure 5, all stations are
co-located with SD. This geometry balances spatial resolution and coverage, enabling 4D imaging
even in dense VHF source conditions expected in lightning with downward TGFs. A reference
beacon ensures sub-nanosecond timing [20], supporting metre-scale spatial resolution. Each station
includes low- and high-gain channels for a wide dynamic range, capturing both strong and weak
VHEF pulses without saturation. Modified AERA digitizers now record multi-second traces, enabling
full lightning-flash capture and positioning BOLT to study potential TGF sources. The system is
being upgraded to accept external triggers from Lightning Detection Stations [21] and the Surface
Detector. Three core BOLT stations are operational; the rest will complete the 11-station array.
Commissioning confirms stable power, communication, and synchronisation. Test readouts verify
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one of the core BOLT stations deployed in the field.

uncurtailed, multi-second waveform capture, with multi-station acquisition and interferometric

reconstruction in development. Full integration will enable coordinated campaigns on lightning

development and downward TGFs.
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