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Abstract.

We report the detection by the AGILE satellite of Terrestrial Gamma-Ray
Flashes (TGFs) obtained with the Mini-Calorimeter (MCAL) detector op-
erating in the energy range 0.3-100 MeV. We select events typically lasting
a few milliseconds with spectral and directional selections consistent with

the TGF characteristics previously reported by other space missions. Dur-

ing the period 2008 1 June - 2009 March 31 we detect 34 high-confidence events

showing millisecond durations and a geographical distribution peaked over
continental Africa and South-East Asia. For the first time, AGILE-MCAL
detects photons associated with TGF events up to 40 MeV. We determine
the cumulative spectral properties of the spectrum in the range 0.5-40 MeV,
which can be effectively described by a Bremsstrahlung spectrum. We find
that both the TGF cumulative spectral properties and their geographical dis-

tribution are in good agreement with the RHESSI results.
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1. Introduction

Terrestrial gamma-ray flashes (TGFs) are one of the most intriguing phenomena in
the geophysical sciences. Although their origin is terrestrial, they were discovered and,
to this day, have only been observed by satellites dedicated to high energy astrophysics.
Fishman et al. [1994] reported the discovery of TGFs by the Burst And Transient Source
Experiment (BATSE), sensitive above 20 keV [Fishman et al., 1989], on-board the NASA
Compton Gamma-Ray Observatory (CGRO). These events are described as millisecond
time-scale bursts of gamma-rays with the incoming direction compatible with the Earth
and a spectral hardness typically much higher than that of cosmic gamma-ray bursts.
Inan et al. [1996] and Cohen et al. [2006] showed the direct association of TGFs with
lightning and thunderstorm activity by means of timing and spatial correlation of some of
the BATSE TGF's with lightning strokes localized by their signature at VLF frequencies
(sferics). Due to limitations in its trigger logic architecture, BATSE was able to detect only
76 TGF's in 9 years of operations. TGFs were then observed at energies up to 20 MeV by
the spectrometer on-board the Reuven Ramaty High Energy Solar Spectroscopic Imager
(RHESSI), as reported in the work by Smith et al. [2005]. Although each RHESSI event
includes many fewer photons than the BATSE TGFs, because of the significant differences
in the effective area between the two instruments, RHESSI produced a breakthrough in
the TGF sample statistics detecting 820 TGFs from 2002 through 2008, as reported
by Grefenstette et al. [2009] in the 1°* RHESSI TGF catalog. This increase in the TGF
detection rate is mainly due to the fact that all RHESSI data are downloaded on a photon-

by-photon basis without the need for any on-board trigger, whereas BATSE required at
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least a trigger on the minimum sampling time window of 64 ms, much larger than the
average TGF duration, therefore selecting only bright high-significance TGFs.

More than 15 years after their discovery, the source mechanism and production sites of
TGFs are still under debate. After the first BATSE observations, it was suggested that
TGFs could be related to discharges at high altitudes possibly associated with Sprites
[Roussel-Dupré and Gurevich, 1996; Nemiroff et al., 1997], but Dwyer and Smith [2005]
showed that the observed RHESSI TGF cumulative spectrum is compatible with gamma-
rays produced much deeper in the atmosphere at 15-21 km altitude above sea level.
Duwyer and Smith [2005] also showed that the spectrum is consistent with bremsstrahlung
emission from a population of high energy electrons produced by means of relativistic
runaway electron avalanche (RREA) multiplication [Gurevich et al., 1992]. This fine
spectral modeling has been possible because of the RHESSI higher spectral resolution
than BATSE for time-tagged events. Moreover, Cummer et al. [2005] showed that the
charge moment change connected to lightning strokes associated with TGF's, as implied
by sferics observations, is too low to be responsible for Sprites production, confirming that
the correlation between Sprites and TGFs is not straightforward, if it exists. Recently
Duwyer [2008] put further constraints on the production mechanism of TGF's suggesting
that either relativistic feedback or runaway electron production in high electric fields may
play a role, and excluding a major contribution from extensive air showers of cosmic rays
in the initiation process. Concerning the emission geometry, analysis of both BATSE and
RHESSI data suggest that the initial gamma-ray emission is beamed [Ostgaard et al.,

2008; Hazelton et al., 2009], although the degree of beaming is not yet clearly assessed.
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Grefenstette et al. 2008, 2009] showed that both BATSE and RHESSI data are affected
by instrumental effects such as dead time and pile-up, because of the extremely high
TGF fluxes. In light of these effects, all previous results concerning timing and spectral
characteristics of TGFs need to be revised, as recently pointed out by @Ostgaard [2009].

Recently, the AGILE and Fermi satellites, both devoted to gamma-ray astrophysics,
have reported the detection of TGF's from space. AGILE reported the detection of short
bursts of gamma-rays with characteristics compatible with those of TGFs shortly after
the activation of the on-board trigger logic in November 2007 [Fuschino et al., 2009], and
later after the extension of the trigger logic to very short time scales [Longo et al., 2008;
Marisaldi et al., 2009]. The Fermi team reported the detection of TGFs with the GBM
instrument [Fishman and Smith, 2008; Fishman, 2009]. In this paper we present the
results of the first nine months of observation of TGFs with AGILE after the extension of
the trigger logic to very short time scales. In the following sections we will describe the
AGILE payload, the trigger algorithm and the selection criteria applied for TGF detection.
Then, the properties of the AGILE TGFs sample will be described and a comparison with

the results already published by RHESSI will be discussed.

2. The AGILE payload

AGILE (Astrorivelatore Gamma ad Immagini LEggero, the AGILE mission web page:
http://agile.rm.iasf.cnr.it/ ) is a space mission of the Italian Space Agency (ASI) devoted
to astrophysics in the gamma-ray energy range 30 MeV — 30 GeV, with a monitor in
the X-ray band 18 keV — 60 keV. Tavani et al. [2008] and Tavani et al. [2009] report a
description of the AGILE mission and its main scientific objectives. AGILE was launched

on 23 April 2007 in a low-Earth orbit at 550 km altitude with 2.5° inclination.
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The AGILE payload is composed of the following detectors:
- a tungsten-silicon tracker (ST) [Prest et al., 2003], with a large field of view, good

time resolution, sensitivity and angular resolution;

- a silicon based X-ray detector, SuperAGILE (SA) [Feroci et al., 2007], for imaging in

the range 18 keV — 60 keV;

- a CsI(T1) mini-calorimeter (MCAL) [Labanti et al., 2009] for the detection of gamma-

rays in the range 300 keV — 100 MeV;

- an anti-coincidence (AC) system [Perotti et al., 2006] made with plastic scintillator
layers for the rejection of charged particle events;

The scientific payload is completed by the Payload Data Handling Unit (PDHU) [Argan
et al., 2004] that takes care of data acquision of the various detectors. ST and MCAL
form the so called Gamma-Ray Imaging Detector (GRID) for observations in the energy
range 30 MeV — 30 GeV.

All the TGF's reported in this paper were detected by the MCAL instrument. MCAL is
composed of 30 CsI(T1) scintillator bars (dimensions: 15x23x375mm? each) read out by
two custom PIN Photodiodes (PD) coupled one at each small side. The bars are arranged
in two orthogonal layers, for a total thickness of 1.5 radiation lengths. Although MCAL
can work in conjunction with the ST (GRID operative mode) it is also equipped with a
self-triggering operative mode and on-board trigger logic making it an all-sky transient
monitor in the 300 keV — 100 MeV energy range (BURST operative mode). Both operative
modes are active at the same time. The trigger logic [Fuschino et al., 2008] is active on
several time scales spanning four orders of magnitude from 8 seconds down to 293us,

allowing the detection of a wide variety of transient phenomena from long cosmic gamma-
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ray bursts (GRBs) to TGFs at sub-millisecond time scale. When a trigger is issued,
MCAL data are sent to telemetry on a photon-by-photon basis for a time window of 60 s
centered at the trigger time including, for every photon, energy information and a time tag
with 1us accuracy; in this way, timing and energy binning is limited by counting statistics
only. Figure 1 reports the total MCAL effective area as a function of the incident photon
energy, computed by means of Monte Carlo simultations for parallel photon beams at
different incidence angles, as reported in work by Labanti et al. [2009]. Both full energy
absorption and partial energy loss of photons have been considered for the effective area
calculation. This plot refers to MCAL operated as a self triggering detector, i.e. in the
so-called BURST mode, which is the operative mode considered throughout this work.
The effective area remains almost constant up to about 70° off-axis. The effective area
estimates have been verified using GRBs detected by different spacecrafts (Marisaldi et al.,
manuscript in preparation, 2009). Marisaldi et al. [2008a, b] report the MCAL in-flight
performance and its GRB detection capabilities after more than one year of operation in
space.

Since the activation of the trigger logic on 64 ms and longer time windows (December
2007 and then steadily active since 5 February 2008), several events have been detected
exhibiting timing characteristics compatible with those of TGFs. These preliminary de-
tections have been reported by Fuschino et al. [2009] and will be discussed later in the
context of the new results. Since June 2008, the on-board trigger logic has also been
enabled on the very short time scales of 16 ms, 1 ms and 293us, thus opening an obser-

vational window for fainter short time-scale transient events.
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The on-board time-tagging accuracy for the AGILE photons is ~ 1us. The effective
absolute time resolution has proven to be better than ~ 200us, after accurate timing
observations of the Vela pulsar, as described in details by Pellizzoni et al. [2009]. At
present, there are no known issues that prevent the achievement of an absolute time

resolution as good as ~ 50us, provided that adequate counting statistics are obtained.

3. Trigger algorithm and selection criteria

The trigger logic on time scales of 16 ms and 293 us was enabled and configured in
mid June 2008. The trigger logic for the 1 ms time scale was properly configured on 2
March 2009, and since then the trigger logic on all time scales has been active and working
properly. After a threshold scan to verify the trigger rate compliance with the telemetry
budget, the following thresholds were set in the on-board trigger logic configuration: 22
counts for the 16 ms, 10 counts for the 1 ms and 8 counts for the 293us time scales. The
average background rate is ~ 350 counts/s with a smooth 10% modulation along the orbit
except in the South Atlantic Anomaly (SAA), where the trigger logic is disabled.

During the period between 18 June 2008 and 31 March 2009, MCAL triggered several
thousand events on the 16 ms time scale or shorter, with an average rate of 6.8 trig-
gers/orbit, i.e. ~ 95 triggers/day. The trigger threshold has been deliberately kept as
low as possible, but still fully compliant with the telemetry budget. Note that this is
the first time that trigger logic on time scales shorter than 16 ms has been implemented
on a space mission. Consequently, in order not to miss any faint events by using an
excessively conservative on-board threshold, we decided to leave event selection to the
on-ground analysis. In fact, a large fraction of the triggers are due to either statistical

fluctuations or electronic noise, and a careful selection strategy has to be applied. It was
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soon discovered that a class of triggers is strictly related to a particular payload status
clearly marked in housekeeping data, and could be easily rejected. Moreover, due to an
initial issue with the on-board software for the 1 ms time window, some data are missing
for those events triggering on this time scale, so these events were not considered for the
period before the software update on 2 March 2009. Since this issue affects also the events
bright enough to trigger both the 16 ms and 1 ms time scales, the selected population is
possibly biased toward longer, less bright events.

Further criteria for candidate selection are based on hardness ratio and fluence. The

hardness ratio HR is defined as follows:

B number of counts with £ > 1.4 MeV
~ number of counts with E < 1.4 MeV

HR

We decided to use HR instead of average energy as a rough estimator of the spectral hard-
ness because a single high energy photon can significantly influence the average energy,
given the large MCAL dynamic range. Moreover, a cut on HR is necessary for the rejec-
tion of triggers of instrumental origin, to avoid contamination of the sample with spurious
triggers. In fact, the procedure for instrumental trigger identification is not 100% efficient,
because of the limited timing accuracy of housekeeping data. For instrumental triggers
on the 16 ms time scale the average HR is 0.07 and only one event out of 397 exhibits
HR> 0.2. HR~ 0.5 for the MCAL background, quite stable along the orbit except for
the passage through the SAA. We have chosen to select events with HR > 0.5, as well
as requiring at least 10 photons in the burst duration as a cut on the overall number of
counts. Figure 2 shows the normalized hardness ratio distribution for triggers of instru-
mental origin and for the other triggers, for events with at least 10 counts. The vertical

line evidences the HR cut used in this work. The HR cut chosen is quite severe, but
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it is expected to minimize the contribution of spurious instrumental triggers. All events
satisfying these selection criteria were visually inspected to exclude further contamination
from instrumental effects, as well as to provide a human double-check of the start time
and duration assigned to each event by the automatic analysis procedure. Since the pho-
tons of a TGF candidate are typically very well clustered in time while the background
(~ 0.35 counts/ms) contributes with sparse, randomly displaced counts, an automatic
procedure searches for the bin with the maximum number of counts around the trigger
time (typical time bin 200us; 500us for weak candidates) and then finds the region of
connected bins around the maximum. The burst duration is basically defined as the du-
ration of this cluster of connected bins. The only exception to this algorithm is allowed
if a photon with energy greater than 1.4MeV is found after a single bin with zero counts;
in this case the corresponding bin is included in the burst and the event duration is ex-
tended accordingly. According to the selection criteria described above a total number of

34 events have been selected over the considered period, i.e. about 4 events/month.

4. AGILE-MCAL detections

4.1. Trigger properties

Tables 1, 2 and 3 report the main characteristics of the selected events. Every event
is uniquely identified by a trigger-id composed of two integers separated by a dash. The
first number indicates the AGILE orbit and the second one is the trigger index within
that orbit. For each event, Table 1 reports the trigger time, the geographical coordinates
of the AGILE footprint, the local time, the angle between the AGILE pointing direction
and the nadir, as well as the fired trigger configuration. Table 2 reports the main physical

properties of each event, while table 3 summarizes the average characteristics of the 34
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selected events. It must be noted that all the triggers obtained on longer time windows
(64 ms) and previously presented [Fuschino et al., 2009] do not meet the HR selection
criteria developed for the sample of triggers at shorter time scale. Some of them can be
explained as due to electronic noise, according to the improved analysis later developed
for the short time scale triggers. Nonetheless the four brightest events reported in the
previous paper are expected to be real but, since they are significantly softer, brighter
and longer than the current sample, we believe that they can be originated by different
physical phenomena. For this work we thus consider only triggers on the 16 ms time scale
and shorter, satisfying the selection criteria stated above.

The fired trigger configuration consists of three binary flags, one for each of the three
very short time windows tested by the trigger logic (293us, 1 ms and 16 ms). A value
of 1 indicates that the trigger logic on the corresponding time window issued a valid
trigger. Before March 2009 no events with the 1-ms trigger fired were selected, because
of the different event acquisition configuration mentioned in the previous section. Since
the configuration update on 2 March 2009, five selected events out of nine present the
1-ms trigger fired. If this trend is confirmed in the next months of observation, this means
that the TGF candidates detection rate has been more than doubled by this configuration
improvement.

The light curves integrated over the entire energy range of the detector for some of the
most significant events are reported in Figure 3, together with the plot of energy vs. time
for all photons detected.

Figure 4 shows the geographical distribution of the trigger sample. It must be pointed

out that, due to the low inclination of the AGILE orbit, only a very narrow region along the
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equator has been covered; no high-latitude coverage can be obtained. There is evidence for
events clustering on the African continental region and the south-east Asia. In particular,
the events recorded over Africa (in the longitude interval 0-30°) and south-east Asia (in
the longitude interval 90-120°) account for about half and one third of the total recorded
events, respectively. The lack of events over South America is due to the automatic

disabling of the trigger logic as AGILE enters the SAA.

4.2. Cumulative spectrum

Figure 5 shows the cumulative spectrum obtained by summing all the counts in the
TGF duration intervals reported in table 2, for a net total exposure of about 51 ms, after
background subtraction. The spectrum was re-binned in order to have at least 20 counts
per bin, to allow us to use the x? minimization fitting technique and ensure the validity
of Gaussian statistics. The cumulative background was obtained summing the counts in a
20 second time interval starting from one second after the trigger time, for each TGF. This
method was chosen because, for some of the candidates, not all of the data are available for
the nominal time period before the trigger time. Considering the low (~ 0.35 counts/ms)
and stable, at least on minutes time scale, background, this calculation method should
not affect the results significantly. In fact, 97% of the total counts per unit time are
represented by the source, i.e. the TGF photons.

A flattening in the spectrum at low energy can be observed. Despite the relatively
high (300 keV) MCAL energy threshold and the fact that energy resolution gets worse
close to the threshold, thus smearing the photons at low energy, we do not exclude the

possibility of providing information about the depth of TGF production sites using the
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MCAL energy spectrum below ~ 3 MeV, following the approach outlined in the work by
Dwyer and Smith [2005].

At energies above 10 MeV a spectral cutoff is evident. Since each MCAL bar has
a dynamic range extended up to 100 MeV, and for multiple counts the total energy
is obtained summing the energy deposited in all triggered bars, MCAL is in principle
an optimal detector for characterizing the high energy part of the TGF spectra. Of
course, owing to the limited thickness of the detector (1.5 radiation lengths) most of the
interactions for photons above 10 MeV will give rise only to partial absorption in MCAL,
and the response matrix at these energy is strongly non-diagonal.

A question may thus arise whether the observed cutoff is a real physical feature or may be
ascribed to an improper computation of the response matrix, namely an over-estimation of
the effective area at high energy. In fact, this energy range cannot be easily tested in orbit
using, for example, cosmic GRBs, which rarely give significant signal above 10 MeV in
MCAL. However, a comprehensive on-ground calibration campaign of the GRID detector
was performed at the Beam Test Facility of the INFN Laboratori Nazionali di Frascati,
Italy, using high energy photons obtained from thin target bremsstrahlung of nearly mono-
energetic electrons of energy up to 600 MeV. Despite the fact that this test campaign was
mainly aimed at the calibration of the AGILE silicon tracker, several runs were acquired
with MCAL in self-triggering mode. The beam spectrum recorded by MCAL can be fit
with a simple power-law model between 10 and 80 MeV and no significant deviations
induced by an incorrect response matrix are evident.

A tentative fit of the count spectrum with a cutoff power-law model (F(FE)

E~2e~B/P) reasonably representing a bremsstrahlung spectrum, was performed in the
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energy range 500 keV — 40 MeV. The best fit model yields a spectral index o = 0.3915:27
and a high energy cutoff energy 3 = 8.5732MeV, with a reduced x? of 1.4 with 18 degrees
of freedom. All quoted errors are at the 90% confidence level. The fit was obtained using a
response matrix obtained for a 40° off-axis angle with respect to the center of the AGILE
field of view. The top panel of Figure 5 shows this best-fit model convolved with the
instrumental response together with the background-subtracted cumulative count spec-
trum, the bottom panel showing the residuals distribution. The same fitting procedure
was repeated for off-axis angles between 0 and 155°, yielding spectral parameters consis-
tent with those reported above, as expected because of the moderate angular dependence
of the MCAL response at high energy. Although this model is purely empirical, it is useful
for the comparison between the MCAL and RHESSI cumulative spectra, as discussed in
section 5. A fit of the count spectrum with a simple power law in the 1-10 MeV energy
range does not give acceptable results. Since the selected events exhibit a wide range
of off-axis angles with respect to the AGILE pointing, the use of a response matrix for
isotropic photons might yield more accurate results.

A total number of 47 photons with energy higher than 10 MeV and 8 photons with
energy higher than 20 MeV are detected in the selected TGF sample. The expected
number of background counts for the same exposure time (51 ms) in the same energy
ranges is 2.3 and 1.3, respectively. The maximum energy recorded is 43 MeV, for a
photon detected in trigger 7249-4. This trigger, whose light curve is shown in Figure 3
panel g, despite being characterized by a relatively low number of total detected counts,
exhibits a large fraction of photons above 1 MeV and fully satisfies the selection criteria.

Although pulse pile-up in high photon flux conditions can result in an over-estimation of
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the photons energy, we can reasonably exclude this effect to be responsible for the large
43 MeV energy deposit. In fact this count is due to two triggered adjacent scintillating
bars, in both of which the reconstructed position of interaction, obtained according to
the techniques illustrated in the work by Labanti et al. [2009], are compatible with each
other. This configuration, together with the time coincidence of the two signals, suggests a
localized interaction and is unlikely to be due to different independent photons. Analysis of
the GRID data, which can potentially extend the maximum detected energy further, is in
progress and the results will be reported in a forthcoming paper. A search for SuperAGILE
counts in the corresponding MCAL time intervals was performed with negative results.
This is not surprising because of the SuperAGILE energy range (18-60 keV), its very

small effective area for higher energy photons and its limited field of view.

5. Comparison with the 15* RHESSI TGF catalog

In this section we compare the MCAL results with those reported in the first RHESSI
TGF catalog |Grefenstette et al., 2009]. The RHESSI detectors’ effective area for isotropic
photons is ~ 250cm? at 1 MeV; a description of the RHESSI spectrometer is reported in
the work by Smith et al. [2002]. For this comparison we considered the RHESSI TGFs
detected at latitudes lower than 2.5 degrees in absolute value, to be compliant with the
AGILE orbit. RHESSI data were retrieved from the publicly available online repository

at http://scipp.ucsc.edu/ dsmith/tgflib_public/.

5.1. Geographical and local-time trigger distributions.
In addition to the latitude selection reported above, for the comparison of the geograph-

ical and local-time distributions, the RHESSI TGF sample considered consists of 61 TGF's
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recorded in the months from June to March, consistent with the AGILE observation pe-
riod. Moreover, only events before 1 January 2006 were considered, as recommended by
Grefenstette et al. [2009], in order to exclude the 2006-2007 period for which the instru-
ment response is still under study due to radiation damage of the RHESSI detectors.
Figure 6 shows the comparison between the RHESSI and MCAL distributions for lon-
gitude and local time. Each distribution was normalized to the total number of counts in
the sample. A good agreement between the two distributions is evident, indicating that

the overall selection criteria we adopted are selecting a sample of events compatible with

that of RHESSI.

5.2. Cumulative spectra.

For the spectral comparison, the RHESSI TGF sample considered consists of 62 TGF's
detected at latitudes lower than 2.5 degrees in absolute value before 1% January 2005,
as recommended by Grefenstette et al. [2009] for spectroscopic analysis. Concerning the
MCAL spectrum reported in section 4.2, it must be noted that the counts have been
cumulated in the time interval corresponding to the TGF duration, as obtained from visual
inspection of the light curves of the candidates. This has been done in order to maximize
the signal to noise ratio and is only possible because of the limited background. However,
for the RHESSI spectrum all the counts provided for a 10 ms time interval including the
TGF have been cumulated. In order to directly compare the unfolded AGILE-MCAL
model to the RHESSI data, a new MCAL spectrum was produced cumulating the counts
in a 10 ms time interval surrounding the TGF as well. This spectrum was fitted with a
cutoff power-law model in the energy range 500 keV — 40 MeV, resulting in a spectral

index a = 0.4575:2% and a high energy cutoff energy 3 = 8.8732MeV, with a reduced x>
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of 1.3 with 18 degrees of freedom. All quoted errors are at the 90% confidence level. This
model is compatible with that obtained previously apart from the normalization constant,
as expected because of the different integration time. The best fit AGILE-MCAL model
was then convolved with the RHESSI detector response matrix, provided by the RHESSI
team together with the TGF catalog, to obtain the expected RHESSI count spectrum.
Figure 7 shows the RHESSI count spectrum for the selected TGF sample (data points)
and the expected RHESSI count spectrum for the AGILE-MCAL best fit model reported
above (solid curve).

First of all, a good agreement between the two instruments concerning the overall spec-
tral shape can be noted. Below 500 keV the spectral differences should not be considered
since the MCAL model spectrum is valid only above that energy. If the spectral parame-
ters of the model are frozen and only the normalization constant is allowed to vary, a good
fit in the energy range 500 keV — 10 MeV is obtained, with a reduced 2 of 1.06 with 15
degrees of freedom, and a normalization constant a factor of 2.3 that obtained previously
for MCAL. The fit results are shown in Figure 8. According to these results it seems that
MCAL selects a TGF population fainter than that of RHESSI. Possible reasons for this
include differences in absolute flux calibration, differences in trigger criteria, and different
effects of dead time.

Of course we cannot exclude a slight difference in absolute flux calibration. Cross
calibration, for example on cosmic gamma-ray bursts detected by both instruments, could
be useful to clarify this issue. Moreover, the use of a fixed-angle response matrix could

be responsible for a shift in the normalization constant, as discussed in section 4.2.
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The detection of a fainter-than-RHESSI population could also be due to the lower
background exhibited by MCAL with respect to RHESSI. In this case, a much larger
sample should be detected, which is not the case. This could be due to excessively
conservative selection criteria.

A critical issue possibly affecting MCAL results is dead time. It has been demonstrated
that RHESSI TGFs are heavily affected by dead time; the RHESSI detectors were almost
always counting at the maximum allowed rate during the brightest part of the TGF
|Grefenstette et al., 2009]. This means that the intensity distribution of the RHESSI
TGF is compressed toward lower values; therefore, it is not possible to determine the true
TGF brightness distribution, i.e. the total amount of energy involved in the process. Since
the TGF population detected by MCAL seems to be fainter than that of RHESSI, dead
time may also affect the MCAL results. Further investigations in this direction should
be driven by Monte Carlo simulations. In any case, the overall consistency between the
RHESSI and MCAL spectral parameters confirms the validity of the selection criteria

applied to the MCAL events.

6. Summary and conclusions

The MCAL instrument on-board the AGILE satellite detects a population of millisecond
time-scale, very hard bursts of gamma-rays with average characteristics compatible with
those of TGFs. With the current trigger configuration and selection criteria a sample of
34 events have been identified, with an average detection rate of ~ 4 events/month. Since
the full activation of the trigger logic on the 1 ms time scale in March 2009, the detection
rate has almost doubled. The geographical and local time distributions of the events is

consistent with that of the RHESSI TGFs when an event sample corresponding to the
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AGILE orbit is considered. The cumulative spectra of the AGILE and RHESSI samples
can be fit by the same functional form in the 500 keV — 10 MeV energy range, apart from
a small factor in the normalization constant. In our opinion, the remarkable consistency
between the properties of the AGILE and RHESSI samples strongly confirms that the
AGILE population is due to TGFs as well.

The difference in the intensity distribution between AGILE and RHESSI could be due to
calibration issues, the trigger selection criteria, and/or the contribution of dead time. To
disentangle these contributions, dedicated analysis will be performed. A critical review
of the selection criteria could reveal a larger TGF population rejected by the current
algorithms.

Our data show that impulsive TGF particle acceleration produces electron kinetic en-
ergies well above a few tens of MeV. Several photons with energies above 20 MeV are
detected, the maximum being 43 MeV. Our data then determine an important constraint
for the theoretical modelling of particle acceleration and atmospheric transport during
and following TGF events. Furthermore, AGILE-MCAL spectral data show with high
confidence that the spectrum is an effective Bremsstrahlung with a typical exponential
cutoff of photon energy near 10 MeV. The obtained cutoff energy is consistent with the
average energy of 7.2 MeV expected for an electron population undergoing RREA, as
reported in the work by Dwyer [2004] and Dwyer and Smith [2005].

An important scientific contribution to TGF science may come from the excellent AG-
ILE absolute time resolution, experimentally confirmed to be better than 200us and con-
tinuing to improve with increased statistics. Such a high time resolution could allow

correlation with precise lightning geo-location by means of sferics observation, producing
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significant constraints on emission models by precisely assessing the time delay between
TGFs and the associated lightning stroke. For this reason, a high priority should be

placed on the correlation of the AGILE events with sferics.
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Table 1. Geographical and trigger properties of the selected candidates

Trigger n. date time (UT) longitude latitude Local Time 6(°)! 0.293ms 1ms 16ms
5945-3 06/17/08 15:20:14 26.25 0.88 17.09 53.7 0 0 1
6630-2 08/05/08 02:31:26 64.77 2.12 6.84 137.4 0 0 1
6896-6 08/23/08 23:45:14 115.44 -1.47 7.45  98.0 0 0 1
7249-4 09/18/08 00:25:21 6.75 -0.66 0.87 76.1 0 0 1
7330-5 09/23/08 18:12:52 21.67 -1.74 19.66 142.9 0 0 1
7467-3 10/03/08 09:54:56 119.96 0.49 17.91 151.0 1 0 1
7568-1 10/10/08 11:50:36 99.32 2.43 18.46 148.5 0 0 1
7617-4 10/14/08 01:34:16 250.84 2.34 18.29 46.4 0 0 1
7728-6 10/21/08 21:38:21 111.51 -0.98 5.07 11.7 1 0 1
7794-10  10/26/08 15:09:14 26.81 -0.64 16.94 166.4 1 0 1
7876-7 11/01/08 10:41:11 50.83 -0.91 14.08 125.6 0 0 1
7919-1 11/04/08 10:22:33 110.15 -2.41 17.72 140.7 0 0 1
7973-6 11/08/08 06:12:35 114.48 -2.40 13.84 59.5 0 0 1
8087-3 11/16/08 08:34:45 230.09 2.20 23.92 773 0 0 1
8204-5 11/24/08 16:12:15 17.93 2.47 17.40 146.9 1 0 1
8304-5 12/01/08 18:11:04 9.34 0.37 18.81 132.9 1 0 1
8385-2 12/07/08 10:49:17 140.77 -2.16 20.21 117.8 1 0 1
8594-7 12/22/08 07:18:49 24.91 -0.82 8.97 75.3 0 0 1
8742-16  01/01/09 18:55:26 21.51 2.43 20.36 113.3 1 0 1
8845-9 01/09/09 01:59:56 12.21 -2.42 2.81 48.2 0 0 1
8958-8 01/17/09 02:07:15 12.84 -1.25 2.98 120.7 1 0 1
9068-7 01/24/09 21:08:44 13.84 -1.50 22.07 775 0 0 1
9506-9 02/24/09 21:48:21 12.44 -2.04 22.64 83.4 0 0 1
9512-2 02/25/09 07:58:35 5.64 1.05 8.35 88.9 1 0 0
9574-10  03/01/09 17:24:29 10.84 -1.20 18.13 30.8 1 0 0
9588-10  03/02/09 17:14:14 16.59 -1.61 18.34 31.9 1 0 0
9669-1 03/08/09 09:41:27 110.13 -2.31 17.03 34.1 1 0 1
9672-2 03/08/09 14:46:02 105.31 -1.49 21.79 62.5 1 1 0
9765-2 03/15/09 06:02:24 351.09 1.76 5.45 148.7 1 0 1
9769-6 03/15/09 13:01:03 28.05 -2.44 14.89 55.0 1 1 1
9846-7 03/20/09 23:28:50 293.48 1.13 19.05 31.0 0 0 1
9848-8 03/21/09 03:13:27 6.65 0.92 3.67 134.3 1 1 1
9885-1 03/23/09 16:52:16 100.07 2.18 23.54 81.3 1 1 0
9902-10  03/24/09 21:57:14 138.61 -2.20 7.20 148.8 1 1 0
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Table 2. Physical properties of the selected candidates

Trigger n. Duration Number of Peak flux Average Hardness Maximum
(ms) counts (counts/200us) energy (MeV) Ratio energy (MeV)
5945-3 1.8 21 4 2.8 1.1 16.7
6630-2 3.6 18 5 4.6 1.3 23.7
6896-6 2.6 13 3 4.6 0.6 33.0
7249-4 3.0 12 4 9.9 1.4 43.2
7330-5 2.6 18 3 2.6 0.8 9.8
7467-3 1.6 23 8 4.2 1.3 16.6
7568-1 2.4 17 6 2.1 0.9 5.8
7617-4 2.4 11 2 5.0 0.8 33.4
7728-6 0.4 10 7 5.4 2.3 12.5
7794-10 1.0 19 7 4.8 2.2 14.3
7876-7 1.8 11 5 4.5 0.8 26.2
7919-1 1.4 17 4 4.5 3.3 17.1
7973-6 1.2 16 4 3.5 1.7 10.2
8087-3 1.6 14 5 4.7 0.8 20.5
8204-5 1.0 19 8 4.1 1.7 14.7
8304-5 0.8 20 8 3.3 1.9 16.2
8385-2 1.0 18 9 2.6 0.8 11.9
8594-7 1.6 15 5 4.3 1.5 13.8
8742-16 1.0 17 8 4.4 1.8 13.9
8845-9 1.8 22 6 3.1 1.4 10.1
8958-8 2.0 33 7 4.0 1.8 25.1
9068-7 1.6 11 3 4.9 2.7 11.8
9506-9 1.2 18 5 4.5 2.6 14.4
9512-2 0.6 10 6 24 0.7 11.3
9574-10 0.8 13 5 4.0 1.2 10.1
9588-10 0.6 13 7 2.2 1.6 5.7
9669-1 2.6 23 7 3.5 1.3 12.8
9672-2 0.6 11 8 3.9 2.7 19.8
9765-2 0.6 19 10 2.9 0.7 16.1
9769-6 1.0 13 5 3.9 1.6 14.5
9846-7 2.0 23 6 4.0 1.9 20.1
9848-8 1.0 18 7 3.0 1.3 12.2
9885-1 0.8 14 8 3.5 1.8 12.3
9902-10 0.8 12 4 1.8 0.5 5.3
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Table 3. Average properties of the selected events in Tables 1 and 2

Physical property Average value
Duration (1.5 £ 0.8)ms
Number of counts 17£5

Peak flux in 200us 6+2

Photon energy (3.9 £ 1.4)MeV
Hardness ratio 1.5£0.7

Maximum photon energy (16 4+ 8)MeV
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Figure 1. MCAL total effective area as a function of energy, from Labanti et al. [2009].
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Figure 4. Geographical distribution of the selected triggers. Top panel: scatter plot of the
geographical footprint of the AGILE satellite for the selected events. The radius of each dot
is proportional to the number of counts, the color indicates the hardness ratio (the brightest
the hardest) according to the data reported in Table 2. The dashed horizontal lines mark the

maximum latitudes reached by AGILE. Bottom panel: longitude distribution of the sample.
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Figure 7. RHESSI experimental cumulative count spectrum for events triggered before 1%
January 2005 at latitudes lower than 2.5° in absolute value. Solid curve: MCAL best fit model

convolved with the RHESSI response matrix.
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Figure 8. RHESSI experimental cumulative count spectrum for events triggered before 1%
January 2005 at latitudes lower than 2.5° in absolute value. (top panel) Solid curve: the MCAL
best fit model convolved with the RHESSI response matrix after the normalization factor is fit

to RHESSI data (spectral parameters are kept constant). (bottom panel) The fit residuals.

DRAFT October 28, 2009, 7:11pm DRAFT



