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Brno 2024 Marianna Dafčı́ková
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Abstrakt

Představujeme prvnı́ katalog krátkodobých zdrojů v oboru gama pozorovaných za 3 roky
provozu družice GRBAlpha a 2 roky provozu družice VZLUSAT-2. Obě družice jsou
technologickou demonstracı́ nově vyvinutého detektoru gama zářenı́, CsI(Tl) scintilátoru
vyčı́taného křemı́kovými fotonásobiči, který je vhodný pro rutinnı́ pozorovánı́ záblesků
zářenı́ gama (GRB) družicemi typu CubeSat. Průměrná četnost detekcı́ jedné družice
při nepřetržitých měřenı́ch je dva tranzienty za týden, z nichž jeden je GRB. Nejslabšı́
GRB detekovaný jako 5σ detekce patřı́ k nejslabšı́m 15% GRB pozorovaných družicı́
Fermi/GBM. Z toho vyplývá schopnost detekovat 85% GBM GRB pomocı́ detektoru na
palubě družice, kterou lze držet v jedné ruce. Navı́c se zjistilo, že citlivost je vyššı́ pro
tranzienty s tvrdšı́m spektrem, jako jsou krátké GRB, což představuje velkou výhodu při
hledánı́ elektromagnetických protějšků gravitačnı́ch vln.

Abstract

We present the first catalogue of gamma-ray transients observed in 3 years of GRBAlpha
and 2 years of VZLUSAT-2 operations. Both satellites are technological demonstrations
of a newly developed gamma-ray detector, a CsI(Tl) scintillator read-out by silicon photo-
multipliers, convenient for routine observation of gamma-ray bursts (GRB) by CubeSats.
Average detection rate of one satellite during non-stop measurements is two transients per
week, one of which is a GRB. The faintest GRB detected as a 5σ detection belongs to the
faintest 15% of GRBs observed by Fermi/GBM. This implies the ability of detecting 85%
of GBM GRBs by a detector on-board a satellite which can be hold in one hand. More-
over, the sensitivity is found to be higher for transients with harder spectra, such as short
GRBs, what presents a great advantage in the search for electromagnetic counterparts to
gravitational waves.
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Introduction

Discovered by Klebesadel et al. (1973) in the archival data from the military Vela satel-
lites, gamma-ray bursts (GRBs) were for a long time the most mysterious astrophysical
events. The very first light curves showed a large variety in their structure and duration
which was not typical for astronomical objects. Hundreds of theories were developed in
order to explain their origin, however, because no counterparts were found, it was im-
possible to draw any firm conclusions. It wasn’t until 1997 that their extragalactic origin
was confirmed thanks to the discovery of the first X-ray (Costa et al., 1997b) and optical
(van Paradijs et al., 1997; Sahu et al., 1997) afterglow of the GRB 970228 (Costa et al.,
1997a) at z = 0.695 (Bloom et al., 2001). The origin of the short lasting events has been
only recently confirmed by the joint detection of a gravitational wave GW 170817 and
GRB 170817A (Abbott et al., 2017). Today, many mysteries about these events remain
unsolved. Moreover, recent observations of kilonovae accompanying long GRBs (Troja
et al., 2022; Levan et al., 2023) indicate that there are still many surprises ahead of us.

Current satellite missions reach their limits and newer technologies need to be imple-
mented in order to provide deeper understanding of the physical properties producing such
tremendous amounts of energy as GRBs. For this, it is necessary to observe GRB after-
glows as early as possible after the prompt emission. Numerous efforts have been made
to provide quick follow-up observations such as the Swift satellite (Gehrels et al., 2004)
which is able to slew to the calculated GRB location in just a few minutes. The disadvan-
tage of these missions is that they have limited field of view mainly because large part of
the sky is occulted by the Earth.

To achieve better sky coverage, an idea of a constellation of small satellites around the
Earth arose. If there is enough of them, this fleet of satellites would enable an all-sky cov-
erage and quick localization of GRBs via the triangulation method (Burgess et al., 2021).
Additional advantage of such a constellation is the lower cost and faster development.
One of the proposed missions is the CAMELOT constellation (Werner et al., 2018) with
a newly developed gamma-ray detector composed of a CsI(Tl) scintillator coupled with
silicon photomultipliers (SiPMs). The prototype of this detector is already employed in
two space missions, GRBAlpha (Pál et al., 2023) and VZLUSAT-2 (Dániel et al., 2020).
In this work, we present the first catalogue of the detected gamma-ray transients and study
the sensitivity of the detector.

The thesis is structured as follows. Chapter 1 provides a brief overview of astrophys-
ical gamma-ray transients and their observational properties, focusing on the gamma part
of the spectrum. Chapter 2 introduces the GRBAlpha and VZLUSAT-2 space missions.
Chapter 3 describes the methods used for the analysis. Finally, the results and presented
and discussed in chapter 4.

– 1 –



Chapter 1

Astrophysical gamma-ray transients

1.1 Gamma-ray bursts

1.1.1 Observational properties
Gamma-ray bursts (GRBs) are among the shortest yet most energetic explosions in the
universe. In only a few seconds they generate ∼ 1051 erg (Frail et al., 2001), comparable
to a supernova explosion. Majority of the energy is emitted in soft gamma rays with the
peak being around 150 keV (e.g. Poolakkil et al. (2021)).

GRB duration is characterized by the quantity named T90 duration (Kouveliotou et al.,
1993), defined as the time during which the total recorded signal increases from 5% to
95%, hence encompassing 90% of the total observed fluence. The duration as well as the
shape of the light curve varies greatly from one event to another. The variability of GRB
light curves observed by the GRBAlpha and VZLUSAT-2 nanosatellites can be seen in the
Appendix A of this work. The shortest GRBs ever observed have T90 durations in order
of tens of miliseconds, e.g. GRB 050509B (Barthelmy et al., 2005a) lasting ∼ 30 ms. On
the other hand, a special population of ultra-long GRBs exists with durations above 104 s
(Levan, 2015).

The duration distribution of GRBs has been observed to have a bimodal character. The
separation into two categories intensifies when taking spectral properties into account;
shorter bursts are on average harder compared to the long-duration events (Fig. 1.1). This
suggests that it is not an observation bias but the division has a physical origin.

1.1.2 Fireball model
According to the broadly accepted fireball model (Fig. 1.2, Cavallo and Rees (1978); Piran
(1999)), the prompt gamma-ray emission is produced by dissipation of kinetic energy of
ultra-relativistic matter ejected from a hidden central engine in collisions between faster
and slower moving clumps. This internal shock scenario is able to explain the high vari-
ability of observed light curves on millisecond scales. The remaining energy is dissipated
further away from the source where the matter interacts with the surrounding medium.
These external shocks produce long-lasting afterglow emission across all wavelengths.

The central engine of GRBs is invisible to us and it is still unclear what mechanisms are

– 2 –
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Figure 1.1: The distribution of the T90 duration and hardness ratio of GRBs from the first BATSE
catalogue (Kouveliotou et al., 1993). The distribution reveals two GRB classes; the shorter and
harder bursts, and longer softer events.

responsible for such tremendous energies. A general pattern of many models is a produc-
tion of relativistically expanding electron-positron pairs by annihilation of neutrinos with
antineutrinos. The neutrinos and antineutrinos are thought to be produced in two situa-
tions; either during the collapse of a massive stellar core into a black hole, or in mergers of
two neutron stars or a neutron star with a black hole (Piran, 2004; Mészáros, 2006). These
two models for a GRB progenitor are related to the two observed classes of GRBs appar-
ent in the T90 −HR plane (Fig. 1.1). Long GRBs typically occur in star-forming galaxies
and many of them have been associated with supernovae (SNe). The first explicit evidence
for a long GRB–SN connection was found by Stanek et al. (2003) in case of GRB 030329
and SN 2003dh. The origin of short GRBs was confirmed much more recently. To date,
only one short GRB has been unambiguously associated to a binary neutron star merger
by joint observation of GRB 170817A and a gravitational wave GW 170817 (Abbott et al.,
2017; Goldstein et al., 2017).

However, the two observed classes of GRBs may not be so strictly separated. Recently,
two exceptionally bright GRBs, GRB 211211A (Troja et al., 2022; Zhu et al., 2022; Gom-
pertz et al., 2023) and GRB 230307A (Levan et al., 2023; Bulla et al., 2023; Dai et al.,
2024), were observed with an associated thermal emission, or kilonova, which comes from
the decay of heavy elements produced in compact mergers. These results reveal that some
long GRBs can also originate in mergers of compact objects.

The extraordinary energetics of GRBs can be explained by a non-isotropic outflow
of matter which is instead concentrated into a jet. This beaming has been confirmed by
observations of brakes in the afterglow light curves which occur once the ejected matter
slows down enough for the edge of the jet to become visible. Typical jet opening angles are
∼ 5−20 degrees (Mészáros, 2006). More narrow jets have been observed, for instance in
case of the brightest-of-all-time GRB 221009A whose extraordinary brightness is thought
to be essentially a result of an extremely narrow opening angle (An et al., 2023; Gill and
Granot, 2023; Derishev and Piran, 2024; Zhang et al., 2024).
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Figure 1.2: An illustration of the fireball model of emission mechanism of gamma-ray bursts. The
prompt emission is produced by internal shocks within the jet while the afterglow emission comes
from the interaction with the surrounding medium. Credit: NASA.

1.2 Solar flares
Solar flares are the brightest explosions in our solar system. They are initiated by the build-
up of magnetic energy due to various plasma instabilities it the solar corona. The stored en-
ergy is later released in the process of magnetic reconnection, illustrated in Fig. 1.3, when
particles from the solar corona are accelerated in two opposite directions; some escape to
the interplanetary medium, the rest falls back and collides with plasma in lower parts of
the solar atmosphere. The total amount of released energy reaches 1032 erg (Fletcher et al.,
2011). Although it is much lower than the energy released in GRBs, solar flares are par-
ticularly interesting because of their proximity to the Earth. They can be accompanied by
coronal mass ejections, or can accelerate protons in the solar corona to relativistic speeds.
If either of the two is directed towards the Earth, they can not only damage satellites in
space, but also cause blackouts and damage transformers on the ground Pulkkinen (2007).

From an observational point of view, solar flares typically last between few minutes to
several hours. The energy is released across all wavelengths with the peak being at soft
X-rays. The classification of these events is thus determined from their peak X-ray flux in
the 0.1− 0.8 nm band observed by the GOES satellites (Tab. 1.1). Gamma-ray emission
from solar flares is regularly detected by missions such as Fermi/GBM1, Konus/Wind2 or
AGILE (Ursi et al., 2023).

1https://heasarc.gsfc.nasa.gov/w3browse/all/fermigsol.html
2https://www.ioffe.ru/LEA/Solar/index.html

https://heasarc.gsfc.nasa.gov/w3browse/all/fermigsol.html
https://www.ioffe.ru/LEA/Solar/index.html
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Figure 1.3: An illustration of a magnetic reconnection process in the solar atmosphere. The purple
curves are the approaching magnetic field lines shortly before the reconnection. The red curves
represent matter falling back to the photosphere while the blue curve illustrates outflow to the
interplanetary medium. The emission regions of soft and hard X-rays are marked by black arrows.
Adapted from: http://www.solarsystemcentral.com/sun in depth page.html.

Table 1.1: Classification of solar flares based on their peak flux in soft X-rays measured by the
GOES satellite.

SF class GOES X-ray flux [ W m−2]

A 10−8 −10−7

B 10−7 −10−6

C 10−6 −10−5

M 10−5 −10−4

X 10−4 −10−3

1.3 Soft gamma repeaters
Initial observations of soft gamma repeaters were not very different from GRBs. Al-
though they appeared shorter and softer, they were considered to be yet another sub-group
of GRBs. First stronger indications that they might form a separate group of transients
appeared when repeated detections came from the same locations on the sky. Kouveliotou
et al. (1998) found the first evidence that these flares originate in neutron stars with ex-
tremely strong magnetic field, named magnetars, by measuring the spindown rate from
the persistent X-ray flux of one of the sources. This supported earlier hypothesis that the
observed flares in gamma rays are produced by magnetic stresses similar to solar flares but
on much larger scales (Mereghetti, 2008).

Typical duration of a SGR is ∼ 100 ms. They often produce many such brief pulses in
an extended period of a few days and then go silent for months or even years. Compared
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to GRBs, the maximum of their emission lies in lower energies, i.e. their spectra are softer
(Hurley, 2011). To date, only a handful of SGRs is known. Majority of them comes
from our Galaxy. A comprehensive list can be found for instance in The McGill Magnetar
Catalog by Olausen and Kaspi (2014).

1.4 X-ray binaries
Binaries which exhibit strong X-ray outbursts (Negueruela, 1998; Reig, 2011) belong to
the close binary star systems. Typically, one of the components is still an active star with
chemical elements burning in its core while the other one is either a neutron star, black
hole, or white dwarf. The X-ray emission comes from mass transfer from the photo-
sphere of the active star to the compact object which consequently forms an accretion disk
(Fig. 1.4). The most abundant type of X-ray binaries is the Be/X-ray type which consists
of a Be star, a star of the spectral type B with prominent emission lines, and a neutron
star. Compared to other types of astrophysical gamma-ray transient, outbursts from X-ray
binaries appear more sporadically.

Figure 1.4: An illustration of an accretion in an X-ray binary. Adapted from Hynes (2010).



Chapter 2

GRBAlpha & VZLUSAT-2

GRBAlpha (Pál et al. (2023), Fig. 2.1, 2.3), a 1U CubeSat, is a technological experiment
with the aim to test the concept and study the degradation of a newly developed gamma-ray
detector for future CAMELOT mission (Werner et al., 2018). It was launched on 22 March
2021 to a Sun-synchronous orbit (SSO) with an inclination of 97.5 degrees and altitude of
approximately 550 km. One of the mission objectives is to monitor the background at SS
low Earth orbit (LEO) in order to place constraints on the duty cycle for future satellite
constellations at SS LEO.

VZLUSAT-2 (Fig. 2.2) is a Czech 3U CubeSat launched on 13 January 2022 to an
SSO with an inclination identical to that of GRBAlpha, and slightly lower altitude of
about 535 km. Its primary instrument is a camera dedicated to Earth observations. Two of
the gamma-ray detectors developed for CAMELOT are among the secondary payload.

2.1 Detector
Primary components of the detector (Ohno et al., 2018; Pál et al., 2020, 2023) are a CsI(Tl)
scintillator with eight silicon photomultipliers (SiPMs) glued to its side. The crystal has
a size of 75× 75× 5 mm. It is wrapped in a reflective foil to prevent the escape of scin-
tillation optical photons, and the whole configuration is further put in a black tedlar and
an aluminium case to prevent the entry of visible light from outside. Moreover, the side
with SiPMs is also covered by a lead alloy to decrease radiation damage. The SiPMs, also
named multi-pixel photon counters (MPPCs), are arrays of thousands of avalanche photo-
diodes connected in parallel. They are separated into two channels of four, each with its
own analogue and digital electronics.

When a high-energy photon or charged particle interacts with the crystal atoms, it
forces an electron to jump from the valence band to the conduction band. As the electron
moves through the crystal, it loses its energy by exciting thallium atoms. These decay after
characteristic times of 0.68 and 3.3 µs while emitting light with a maximum at ∼ 560 nm
(Valentine et al., 1993; Knoll, 2000). The optical photons are then detected by individual
photodiodes which consequently become conductive. The total measured charge in four
MPPCs is integrated during 15 µs with a sampling time of 1.5 µs, and converted to voltage
by a preamplifier. Finally, a shaping amplifier is used to reduce instrumental noise in order
to determine the pulse height amplitude (PHA) more precisely. The measured signal is

– 7 –
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Figure 2.1: External (left) and internal (right) view of the GRBAlpha CubeSat (Pál et al., 2020).
1 – the gamma-ray detector; 2 – PCB with payload electronics; 3 – OBC and GNSS board; 4 –
attitude sensors, sun-sensors and X-ray dosimeter; 5 – power supply; 6 – UHF and VHF radio
transceivers; 7 – antenna deployer.

Figure 2.2: External (left) and internal (right) view of the VZLUSAT-2 CubeSat. GRB unit 0 is
located at +x; unit 1 at -y. The detectors are located next to the camera with the MPPCs oriented
inwards. Thanks to this detector orientation and larger scale of VZLUSAT-2, the MPPCs are more
shielded and degrade slower compared to GRBAlpha. Credit: VZLÚ.
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Figure 2.3: Mass model of GRBAlpha. The detector location is show in cyan color with the lead-
alloy shielding of MPPCs highlighted in magenta.

proportional to the energy of incident gamma-rays or charged particles and the exact value
of the deposited energy is determined from the PHA by an 8-bit ADC.

The digital part of the payload electronics consists of a field-programmable gate array
(FPGA) and a microcontroller unit (MCU). The FPGA is directly connected to the ADC
and saves the signal measured during the pulse processing time τ = 15 µs as one count
with an energy determined by the ADC. The stored data can be transmitted to a ground
station either directly from the MCU or via the main on-board computer (OBC).

If the incoming flux is low, each detected incident particle is recorded as one count with
an energy proportional to the number of scintillation photons. However, if the incoming
flux is too high, the signal received during the pulse processing time is recorded as one
count, no matter how many high-energy particles contributed to it. Moreover, the higher
number of incident particles at one time increases the number of scintillation photons and
thus also the probability that a photodiode will be hit by more than one optical photon.
Consequently, the measured count rate is lower and the recorded energy higher. This is
called pulse pile-up. For GRBAlpha, it starts at approximately 2500 cnt/s (Řı́pa et al.,
2023) and is therefore usually negligible. However, in exceptional cases, such as the
detection of the brightest-of-all-time GRB 221009A, it had to be taken into account.

2.1.1 Energy conversion
As stated in the previous section, the energy of the detected particles is measured by the
PHA. In order to draw any meaningful conclusions from the acquired data, we need to
know the relation between the PHA, i.e. ADC channel, and the energy in physical units.
For this, a series of calibration measurements was done before the launch of GRBAlpha in
laboratories of the Technical University of Košice, Slovakia. Total of seven spectral lines
were used for the calibration, specifically the 31 keV and 81 keV lines of 133Ba, 22 keV
and 88 keV lines of 109Cd, 25 keV and 59.5 keV lines of 241Am, and the 511 keV line of
22Na (Ohno, 2022).

The conversion relation is linear and follows

E [keV] = gain factor×ADC channel no.−offset. (2.1)
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In the pre-flight calibrations, the gain factor and offset values for channel 0 were measured
to be 4.08 keV/ch and 154.0 keV, respectively. Due to the degradation of MPPCs, the
gain decreases with time. As a result, the recorded PHA of a specific input energy is lower
and thus the gain factor needs to be modified to correspond to the true value in keV. The
revision was done with two activation lines which are visible in the spectra after a passage
through the South Atlantic Anomaly (SAA). Its current value is 4.31 keV/ch and is used
since August 2022. As described in the next section, the MPPCs on-board VZLUSAT-2
degrade slower and therefore in the analysis of VZLUSAT-2 data we still use the original
values.

2.1.2 Comparison of readout channels
Although measurements are usually done only by the readout channel 0, in order to in-
crease our temporal resolution we have tried doubling the memory space by alternating
between the two channels. These tests revealed differences in count rates measured by the
two channels. Fig. 2.4 shows that the count rate observed by channel 1 is systematically
higher than that observed by channel 0. This is likely due to the fact that different energy
conversion relation applies to each channel and so the individual energy bands correspond
to slightly different energies for each channel. However, because of a poor energy res-
olution of the detector (∼ 30%, Torigoe et al. (2019)) we use the same relation for both
channels.

Another difference between the two readout channels is in the observed spectrum
(Fig. 2.5). The initial peak, which corresponds to the instrumental noise, is observed
to be wider in data from channel 1. Due to this, the low energy cutoff used for regular
observations by channel 1 is larger. The difference in the cutoff value is approximately
10 keV.

We note that for the detectors on-board VZLUSAT-2 the noise peak is narrower and
the cutoff lower by approximately 40 keV. Consequently, VZLUSAT-2 is more sensitive
for transients with softer spectra. This is related to the degradation of MPPCs which is
slower for VZLUSAT-2 detectors for numerous reasons. It was launched one year after
GRBAlpha when the Sun was closer to its maximum and thus the flux of trapped protons
at LEO lower; the altitude of VZLUSAT-2 is slightly lower and therefore it is exposed
to lower fluxes of geomagnetically trapped protons inside SAA; the detectors on-board
VZLUSAT-2 are more shielded and the temperature of their MPPCs is a bit lower. The
effect of each contributor is at the moment being investigated.

2.1.3 Detector response matrix
The energy recorded by the detector is not the true energy of an incident particle but only
the amount which was deposited in the scintillator. Gamma-ray photons and high-energy
charged particles can interact with the crystal via various processes (Knoll, 2000). As
a result, the particle is either fully absorbed, it passes through the crystal without any
energy loss, or loses only part of its energy which is detected by our instrument.

A photon with energy higher than the binding energy of the material can transfer its
entire energy to an electron in an atom via a photoelectric effect. If the electron was
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Figure 2.4: Comparison of the detected background count rate from the two readout channels
on GRBAlpha. Channel 1 measures systematically higher values. This behaviour is not fully
understood but is likely related to the dark current or different gain calibration for each channel.
Only data in one energy band is shown but this behaviour is observed in all energies.

Figure 2.5: A comparison of a spectral background measurement taken by readout channel 0 (left)
and channel 1 (right) of the GRBAlpha CubeSat. The measurements were done one orbit apart
in low background region; both under the operational voltage of MPPCs of 178 DAC (∼ 55 V).
The vertical solid lines mark the ADC channel no. 54 which is used as a cutoff for channel 0. The
vertical dashed lines mark the ADC channel no. 56 which is used as a cutoff for channel 1. The
initial high noise peak is the thermal noise produced by the MPPCs and is wider for channel 1.
This is likely due to the fact that the same operation voltage is used for both channels although
the pre-flight calibrations were only done for channel 0 and channel 1 can have slightly different
characteristics.
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ionized from an inner shell, another electron from a higher shell will deexcite to occupy
the vacant space while emitting a low-energy photon.

Often, the incident photon loses only part of its energy mainly via Compton scattering.
Some of the photon energy is transferred to an electron and due to the energy loss, the
photon’s trajectory gets deflected. The resulting photon can further interact with the mate-
rial, however, in case of small detectors such as ours it is more probable that it will escape.
Low-energy photons can also scatter coherently. This means that they are scattered under
an angle while the scattered photons have the same energy as the incident ones (Rayleigh
scattering).

Photons with energy higher than double the rest energy of an electron (2× 511 keV)
interacting with the electric field of atomic nuclei can produce an electron–positron pair.
In this case, the photon is fully absorbed and the abundant energy is transferred to the rest
mass of the pair and their kinetic energies. In time, the positron annihilates with a nearby
electron producing two photons with an energy of 511 keV if the positron is already at
rest, or higher if it still carries some kinetic energy at the time of annihilation. Due to the
detector size, these photons will usually escape the crystal.

The secondary electrons from the processes described above as well as charged parti-
cles from the ambient environment lose their energy continuously as they slow down when
traveling through matter. Primarily, they ionize or excite atoms. When they move close to
the atomic nucleus, they can be deflected and emit bremsstrahlung radiation.

As a result of all of these processes, the observed spectrum does not correspond to the
real spectrum of incident particles but is softer. The amount of deposited energy depends
on the incident energy, electron density of the material, and also on the direction of the
incoming particle. To extract meaningful physical quantities from the data, we need to
correct our measurements for these effects. This is done by the detector response matrix
(DRM), a complex relation between the incident and detected energies, which needs to be
simulated assuming the entire detector design and all of the possible interactions. Fig. 2.6
shows the on-axis DRM for GRBAlpha. The mean effective area for different directions
is shown in Fig. 2.7. At the moment, the DRM for VZLUSAT-2 is not yet available.

2.2 GRBAlpha operations and measurements
GRBAlpha is currently operated interactively (Fig. 2.8) during passes over ground stations
by students of the Masaryk University. The uplink communication is done via transmit-
ters in Košice, Slovakia and at Konkoly observatory in Budapest, Hungary, and downlink
is recorded by two receivers; one in Piszkéstető Observatory, Hungary and the other in
Jablonec, Slovakia. GRBAlpha passes over these locations typically three times in the
morning and three times in the evening, however, often the communication is efficient
only during the highest pass. Daily interaction with the satellite is necessary due to an
on-board watchdog counter which is set to 25 hours for safety reasons. If it is not reset
in time, the system undergoes a power cycle, the payload enters a bootloader mode, and
all of the scheduled measurements and downloads are lost. After such an occasion, the
detector needs to be manually turned back on.

Routine operations consist of scheduling and downloading measurements. There are
eight possibilities for spectral resolution. The entire energy range can be equally divided
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Figure 2.6: Left: Simulated on-axis detector response matrix for GRBAlpha. The strong diagonal
line is the photopeak corresponding to the full absorption of the incident particle. The non-diagonal
features are mostly due to various results of Compton scattering during which the incident parti-
cle is partially absorbed but the secondary particles escape from the crystal lattice and therefore
the detected energy is lower than the incident energy. Right: Effective area vs. incident photon
energy from the simulated detector response matrix. The maximum effective area Aeff = 54 cm2

corresponds to the incident photon energy of ∼ 100 keV.

Figure 2.7: Mean effective area Aeff simulated for different energies shown in satellite coordinates
θ (vertical) and φ (horizontal). The face of the detector corresponds to θ = 180 degrees. At higher
energies, the satellite is nearly transparent while at lower energies it absorbs around 40 % of the
incoming radiation. The region with higher absorptivity around φ = 240−300 degrees near edge-
on point of view (θ = 90 degrees) is due to the lead shielding of the MPPCs (see also Fig. 2.3).
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Figure 2.8: A screenshot of the author’s screen during an operation of GRBAlpha. The top left
panel is the main communication window, prepared commands to be executed are in the top right
panel, the downlink stream is monitored in the bottom left panel and satellite’s position with respect
to the ground station is displayed in the bottom right window.

into 2M spectral bins, where M = {1, ..,8} is the bit resolution of the ADC. Since launch,
different combinations of exposure times and spectral resolution have been used. At the
moment, the nominal measurements are done in four energy bands with 0.5 second expo-
sure time. Apart from these, long 60 second measurements with full spectral resolution are
done regularly to monitor the degradation of the MPPCs. If the conditions are favourable,
the satellite is capable of nonstop observations.

To increase the downlink rate, we make use of the Satellite Networked Open Ground
Station (SatNOGS1) network of amateur radio stations. During an operation we schedule
data download for future passes above different stations shown in Fig. 2.9. However, the
downlink rate is still not high enough to download the entire measurements. Therefore,
we only download intervals when other missions were triggered, or when an interesting
event, e.g. a strong geomagnetic storm, happened. We monitor triggers from following
missions and observatories:

Fermi Gamma-Ray Space Telescope (formerly GLAST) is a NASA mission launched
in 2008 to a near-equatorial LEO. Its primary instrument is the Large Area Tele-
scope (LAT, Atwood et al. (2009)), a pair-conversion detector sensitive in the range
of 20 MeV to 300 GeV, and a field of view of nearly 20 % of the sky. LAT is
complemented by the Gamma-Ray Burst Monitor (GBM, Meegan et al. (2009))
which consists of 12 NaI(Tl) scintillators observing the lower energies from 8 keV
to 1 MeV, and two bismuth germanate scintillation detectors (BGO) providing the
measurements in 200 keV to 40 MeV used for cross-calibration of the low-energy

1https://network.satnogs.org/

https://network.satnogs.org/
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Figure 2.9: Locations of different SatNOGS stations used for downloading data from GRBAlpha.
The Piszkéstető and Jablonec stations used for downlink during the interactive communication are
highlighted in red and green, respectively.

detectors with the LAT. The NaI(Tl) detectors are arranged around the spacecraft
in a specific way which enables to localize the high-energy source from the relative
count rates detected by different units. The GBM’s field of view is the entire sky
except for the part which is occulted by the Earth, therefore, it detects the majority
of GRBs.

Neil Gehrels Swift Observatory is a NASA mission launched in 2004 to LEO. It com-
prises three instruments designed to detect GRBs and begin multi-wavelength ob-
servations within a few minutes since trigger in X-ray and optical spectrum. The
Burst Alert Telescope (BAT, Barthelmy et al. (2005b)), a gamma-ray detector with
a field of view of 1.4 sr covers the energy range of 15 to 150 keV. It uses the coded-
aperture mask to provide an initial position of the source with an accuracy of a few
arcminutes and automatically initiates the repointing of the narrow field of view
instruments to this position within a few seconds. The X-Ray Telescope (XRT, Bur-
rows et al. (2005)) is a Wolter-type telescope with a CCD detector sensitive in the
0.2 to 10 keV energy band. It monitors the GRB afterglows for days to weeks after
the burst. Finally, the Ultraviolet/Optical Telescope (UVOT, Roming et al. (2005))
is a 30 cm Ritchey-Chrétien reflector designed to observe the afterglows in the band
from 170 to 600 nm. UVOT is capable of improving the localization below one
arcsecond. Besides direct triggers from Swift/BAT, we also monitor the requests for
the GUANO pipeline (Tohuvavohu et al., 2020) which include triggers of GRBs,
gravitational waves, fast radio bursts, neutrino events and other very high-energy
detections.

INTErnational Gamma-Ray Astrophysics Laboratory (INTEGRAL) is an ESA mis-
sion with the primary objective to provide fine spectroscopy and imaging of GRBs
(Winkler et al., 2003). It carries four instruments; the high-resolution spectrometer
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SPI sensitive in 20 keV–8 MeV, the high-angular resolution imager IBIS sensitive in
15 keV–10 MeV with a coded mask used to localize GRBs, and two complementary
monitors in the X-ray (JEM-X) and optical Johnson V-band (OMC). INTEGRAL
was launched in 2002 to a highly eccentric orbit in order to avoid the particle envi-
ronment of the van Allen radiation belts.

Konus is a gamma-ray spectroscopic instrument on-board the NASA Wind spacecraft
(Aptekar et al., 1995). It consists of two identical units of a NaI(Tl) scintillator
read-out by photomultiplier tubes. The detector covers the energies from 10 keV
to 10 MeV and is capable of short exposure time of 2 ms. The Wind satellite was
launched in 1994 and is currently orbiting the Lagrange point 1 (L1) of the Sun-
Earth system.

Astro-Rivelatore Gamma a Immagini Leggero (AGILE, Tavani et al. (2009)) is an Ital-
ian space mission which was launched in 2007 to LEO and de-orbited after 17 years
of operations in February 2024 (Tavani et al., 2024). It carried three instruments
observing from hard X-rays of ∼ 18 keV up to 50 GeV, with an anticoincidence
system to suppress the background from charged particles.

AstroSat (Singh et al., 2014) is an Indian mission dedicated to multi-wavelength ob-
servations of various astrophysical sources from optical to hard X-ray band. The
primary GRB-observing instrument is the Cadmium-Zinc-Telluride Imager (CZTI)
with a coded aperture mask sensitive in 20–200 keV (Bhalerao et al., 2017). It is
orbiting at a 650 km near-equatorial orbit since 2015.

GW high-energy Electromagnetic Counterpart All-sky Monitor (GECAM) is a Chi-
nese constellation of two small satellites launched at the end of 2020. Both are
orbiting at LEO but on the other sides of the Earth so they can provide an all-sky
coverage. The payload is the same on each satellite unit and consists of the charged
particle detector (CPD), a plastic scintillator coupled with SiPMs, and 25 gamma-
ray detectors (GRD) made of LaBr3:Ce scintillators read-out by SiPMs covering
energies from 5 keV to 5 MeV (Li et al., 2020).

CALorimetric Electron Telescope (CALET, Torii et al. (2019)) is a telescope developed
by the Japan Aerospace Exploration Agency (JAXA) flying aboard the ISS. It com-
prises of two scientific instruments; the calorimeter (CAL) sensitive to very high-
energy electrons (1 GeV to 20 TeV), gamma-rays (10 GeV to 10 TeV), protons and
heavy ions (10 GeV to 1 PeV), and the CALET Gamma-ray Burst Monitor (CGBM,
Yamaoka et al. (2013)) composed of two LaBr3(Ce) scintillators and one BGO read-
out by photomultipliers.

Monitor of All-sky X-ray Image (MAXI, Matsuoka et al. (2009)) is another instrument
developed by JAXA and installed on the ISS. It is an X-ray telescope consisting of
two slit cameras, two gas proportional counter detectors and X-ray CCDs, altogether
sensitive in 2–30 keV. Due to its lower energy coverage, it does not detect many
GRBs but more softer transients.
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LIGO/Virgo/KAGRA is a collaboration of American LIGO (Abramovici et al., 1992),
European VIRGO (Acernese et al., 2015) and Japanese KAGRA (Aso et al., 2013)
gravitational wave detectors. We monitor the triggers from this network in order to
contribute to the search for electromagnetic counterparts to gravitational waves.

2.3 VZLUSAT-2 measurements
VZLUSAT-2 is operated by the team of the Czech Aerospace Research Centre (VZLÚ).
Both uplink and downlink communication is done via the ground station in Pilsen, Czech
republic. Although measurements are often running continuously for several days, because
there are more scientific instruments on-board, sometimes there is a longer period without
any observations.

The nominal measurements with VZLUSAT-2 are currently done in four spectral bands
with 1 second exposure time. The long 60 second spectral measurements are also done reg-
ularly. To select what to download, we use the same trigger monitoring as for GRBAlpha.
However, the downlink rate is lower than that of GRBAlpha and therefore we only down-
load few minutes of measurements around the trigger time (while for GRBAlpha it is
usually an hour). Consequently, the amount of data from VZLUSAT-2 is much lower, yet,
the detection rate is comparable (Fig. 4.2) because the downlink criteria are the same for
both CubeSats.



Chapter 3

Methodology

3.1 Description of energy bands
In Ch. 4, we often express the energy bands in units of an ADC channel. Here we briefly
describe the reasons for this choice.

Firstly, the dark current is very prominent at low energies as can be seen in the typical
background spectra measured by the CubeSats in Fig. 2.5. To avoid this noise peak, we set
a low-energy cutoff for nominal measurements. However, as mentioned in Sec. 2.1.2, the
exact value differs not only for the two CubeSats but also for the two readout channels on-
board GRBAlpha. Moreover, as the MPPCs degrade in time, the dark noise increases and
progresses to higher energies. Therefore, the cutoff value needs to be regularly adjusted.
The lowest energy band thus varies for individual detections. The exact cutoff value used
during each detection of a transient is specified in Tab. 4.2 to 4.7.

Secondly, as stated in Sec. 2.1.1, the detector gain decreases in time. Because the ener-
gies are sampled equally by the PHA, the gain decrease shifts these energy bands towards
higher energies in keV. At the time of writing, this shift is observed only in measurements
done by GRBAlpha. In the analysis, we use the original energy conversion relation for de-
tections until August 2022. Since then, we use the new relation. In case of VZLUSAT-2,
we use the original relation for all detections.

Thirdly, the energy conversion relation depends on the operational voltage HV of the
detector. The values stated in Sec. 2.1.1 are for the nominal value of 178 DAC. However,
several measurements were done under a lower operational voltage of 168 DAC which
decreases the detector sensitivity at low energies while increases the maximum detectable
energy. The revised conversion relation for HV = 168 DAC follows

E [keV] = 5.61×ADC channel no.−201. (3.1)

This relation is used for analysis of transients detected by GRBAlpha in August and
September 2022 when the lower operational voltage was used. The most often used val-
ues of ADC channel along with their corresponding energies in keV calculated for all three
situations are summarized in Tab. 3.1.

– 18 –
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Table 3.1: A list of most used values of ADC channel in the analysis and their approximate value
in keV according to the original and revised conversion relation, and revised relation for lower
operational voltage.

ADC ch. Eorig, HV=178 (keV) Erev, HV=178 (keV) Erev, HV=168 (keV)

45 30 40 50
48 40 50 70
54 70 80 100
56 75 90 110
64 110 120 160

127 370 400 510
255 890 950 1230

3.2 Observational characteristics of transients
Prior to any analysis, the raw data is normalized to count rate CR:

CR =
C

texp
, (3.2)

where C is the number of counts detected during the exposure texp which is the temporal
resolution of a given light curve. Each detection of a photon is an independent event, there-
fore, the detected number of counts at a specific time is subject to a Poisson uncertainty
equal to a square root of the value itself. The 1σ uncertainty of the count rate is then

σCR =

√
C

texp
=

√
CR
texp

. (3.3)

3.2.1 Background fitting
In order to properly analyse each burst, we need to estimate the amount of noise in the
detected signal. At LEO, the contributors to the background level in the energy range
of 10− 1000 keV are mostly cosmic X-rays, galactic gamma-rays, trapped electrons and
protons, and albedo gamma-rays and neutrons (Galgóczi et al., 2021). The background
level also depends on the satellite location because at SS LEO it frequently encounters the
SAA and radiation belts (Fig. 3.1). Another background fluctuations are due to the satellite
rotation, and temporary changes are also present at times of increased solar activity. It is
therefore a non-trivial task to precisely determine an absolute value of the background
level at a given time. Taking all this into account, we do not analyse the background in
general but rather we look at its current state.

For each burst, we manually determine its start T100,s and end time T100,e, and back-
ground intervals (Fig. 3.2a). The background is then fitted by a linear function and
a second-order polynomial. The best fit is selected by the lowest reduced χ2 (Fig. 3.2b):

χ
2
ν =

χ2

ν
, (3.4)
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Figure 3.1: A map of the particle background measured by GRBAlpha presented in geographic
coordinates. The variable high background regions correspond to the van Allen radiation belts and
the SAA.

where ν is the number of degrees of freedom calculated as the total amount of temporal
bins in the background regions minus the number of fitted parameters, and χ2 is given by

χ
2 = ∑

i

(Ci −Ci,fit)
2

Ci,fit
, (3.5)

where Ci is the number of detected counts in i-th background bin and Ci,fit is the expected
value based on the best polynomial fit. The fit is done on count rate data and in the χ2

calculation it is multiplied by the exposure time. The background fit is then subtracted
from all data points and background-subtracted light curve is produced (Fig. 3.2c). In
further analysis, we work with these reduced light curves.

3.2.2 T90 duration
A GRB duration is generally described by the T90 duration which is the period during
which the middle 90 % of the signal is detected, i.e. the cumulative distribution function
(CDF) increases from 0.05 to 0.95 (Fig. 3.2d). In this work, we use this quantity to de-
scribe the duration of all types of transients. Because most transients are only observed in
the two lowest energy bands, we calculate the T90 in 0–127 ADC band.

The observed duration of short events is restricted by the temporal resolution of the
measurement while the duration uncertainty of longer bursts is given predominantly by
statistical fluctuations. The uncertainty σT90 is therefore calculated as a superposition of
the two:

σT90 =
√

σ2
stat + t2

exp. (3.6)

The statistical uncertainty σstat of each event was estimated via a Monte Carlo (MC) sim-
ulation. We reproduced 10 000 light curves with added Poisson noise to each temporal
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Figure 3.2: An example of the event analysis for GRB 230305A. From top to bottom: raw light
curve of the event with user-selected background regions shown in blue and T100 limits of the
event delimited by the vertical solid lines; background fits by a linear function and a second-order
polynomial; background-subtracted light curve using fit with lower reduced χ2, vertical dashed
lines represent the T90 duration and fluence is shown in blue; cumulative counts during the event
duration and the T90 determination.
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bin, and calculated the T90 for each simulation while the background intervals and the T100
of an event remained the same in each simulation. The median of the distribution was
then taken as the final T90 and the lower and upper 1σ uncertainties are computed as the
0.159-th and 0.841-th quantiles, respectively (Fig. 3.3).

Figure 3.3: An example of the determination of the T90 duration and its uncertainties for
GRB 230305A. Left: Histogram of T90 durations from 10 000 MC simulations. Right: Cumu-
lative distribution function of the T90 durations from MC simulations. The vertical solid line marks
the median of the distribution and the dashed lines show the 1σ statistical uncertainties.

3.2.3 Peak flux
We define the peak flux P of a burst as the number of detected counts per second at a peak
time determined from the entire energy range 0–255 ADC. The exact value and its uncer-
tainty are calculated according to Eq. 3.2 and 3.3.

3.2.4 Fluence
The fluence S is defined as a time-integrated flux, i.e the sum of all counts detected between
the start ts and the end te of the T90 duration (Fig. 3.2c):

S =
te

∑
i=ts

(CRi −CRi,fit)texp. (3.7)

Similarly to the uncertainty of the T90, the fluence error also has two components.
Firstly, the fluence highly depends on the T90 itself and its uncertainty. Therefore, in
each of the MC simulations described in Sec 3.2.2 we also computed the fluence. Its
lower and upper 1σ uncertainties are then computed from the distribution as the 0.159-th
and 0.841-th quantiles, analogically to the uncertainties of the T90. Secondly, a standard
Poisson uncertainty of the observed counts during T90 is calculated according to the error
propagation theory:

σobs =
√

∑
i

σ2
i =

√
∑

i
CRi texp. (3.8)
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The final σS is again computed as a superposition of the two aforementioned uncertainties:

σS =
√

σ2
MC +σ2

obs. (3.9)

3.2.5 Hardness ratio
The hardness ratio HR is defined as the ratio of fluence in harder and softer energy band.
Because most of the transients were detected only in the two lowest energy bands, we only
include the HR between these two bands, i.e.

HR =
S1

S0
=

S(64−127 ADC)
S(0−63 ADC)

. (3.10)

Its uncertainty is then computed according to the error propagation theory as

σHR = HR

√(
σS1

S1

)2

+

(
σS0

S0

)2

. (3.11)

3.2.6 Signal-to-noise ratio
The significance of a detection is characterized by the signal-to-noise ratio (SNR). We
calculate the SNR within the entire T90 duration of a burst as the absolute value of the
fluence divided by the uncertainty related to the measurement (Eq. 3.8):

SNR =
S

σobs
. (3.12)

We define detections with SNR ≥ 5σ as significant detections and those with 3σ ≤ SNR ≤
5σ as sub-threshold detections. In case of sub-threshold detections, we always cross-
check our light curve with light curves observed by other missions such as Fermi/GBM,
Swift/BAT, or INTEGRAL/SPI-ACS (Sec. 2.2).

3.3 Theoretical sensitivity of the detector
To characterize the sensitivity of our detector, we calculate the expected GRB threshold
fluence Sthr of a 5σ detection assuming a face-on direction of the incident photons. The
threshold SNR is calculated according to Eq. 3.12:

SNRthr =
CGRB

√
CGRB +CBGD

= 5, (3.13)

where CBGD is the number of background counts during the T90 duration of a GRB, es-
timated from the lowest count rate measured near the equator (CBGD ≈ T90 × 120 cnt/s),
and CGRB is the number of GRB photons detected during the T90. The latter is computed
as an integral of a typical GRB spectrum NE multiplied by the DRM over the energies
of the incident photons Eph, the energies of the detected counts Ecnt and time. Assuming
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that the GRB intensity is constant in time, the integration over time is equal to the T90
duration. The DRM was simulated in discrete steps, specifically, the incident photon en-
ergies were simulated in range Eph = 1−1000 keV with a step of ∆Eph = 1 keV, and the
detected count energies were simulated in the range Ecnt = 0− 255 ADC ch. with a step
of ∆Ecnt = 1 ADC ch. Therefore, instead of integration we use summation:

CGRB = T90 ∑
j

NE(E
ph
j )∆Eph

∑
i

DRMi j(Ecnt
i ,Eph

j )∆Ecnt. (3.14)

In Sec. 4.2, we compare the calculated Sthr with GRBs observed by Fermi/GBM. There-
fore, we compute the expected GRB fluence in the same energy ranges as Fermi/GBM
provides, i.e. we use j = 10− 1000 keV and j = 50− 300 keV in Eq. 3.14. Similarly,
because our CubeSats use different low-energy cutoffs, we compute the Sthr individually
for both. We use i = 54− 255 ADC ch. for GRBAlpha and i = 48− 255 ADC ch. for
VZLUSAT-2.

A typical differential photon spectrum of a GRB can be described by a power law
model with an exponential cutoff (CPL, most commonly used in the Fermi/GBM cata-
logue):

NE =
dN
dE

= A
(

E
100 keV

)α

exp
(
−(α +2)E

Epeak

)
, (3.15)

where A is a normalization factor, α is a power law index and Epeak is the peak energy
of the GRB spectrum. In order to find the threshold fluence, we set α and Epeak to their
typical values (Tab. 4.8), and adjust the normalization factor so that SNR = 5. Finally, to
get the threshold fluence we multiply the integrated differential photon spectrum by the
typical T90 duration:

Sthr = T90

∫
NE(Athr,α,Epeak)dE. (3.16)
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Results and discussion

4.1 Catalogue of detected transients
The catalogue contains 198 gamma-ray transients detected by the detectors on-board the
GRBAlpha1 and VZLUSAT-22 CubeSats. Fifteen of these events were observed jointly
by both CubeSats. All of the detections were confirmed by correlation with light curves
measured by other missions mentioned in Sec. 2.2. If the transient was localized, we also
verified that it was not occulted by the Earth. The spatial distribution of all localized GRBs
is displayed in Fig. 4.1. The blank regions are likely only a result of the small sample size.

Majority of the observed events are gamma-ray bursts and solar flares. Few flashes
from two different magnetars were detected and one outburst from an X-ray binary, too.
The number of detections of each transient type for both satellites is summarized in
Tab. 4.1. Observed characteristics of individual events are presented in Tab. 4.2 to 4.7.
We include the T90 duration, peak flux P in two energy bands, fluence S in four energy
bands, the ratio HR of the fluence in the two lowest energy bands, and the SNR at the
peak time and during the T90. The light curves of all detected transients are presented in
Appendix A.

Figure 4.1: All GRBs detected by GRBAlpha and VZLUSAT-2 which were also detected and
localized by Fermi/GBM or Swift shown in equatorial coordinates.

1GRBAlpha detections are regularly reported at https://monoceros.physics.muni.cz/hea/GRBAlpha/.
2VZLUSAT-2 detections are regularly reported at https://monoceros.physics.muni.cz/hea/VZLUSAT-2/.
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Table 4.1: Summary of detected transients by both GRBAlpha and VZLUSAT-2 by 30 April 2024.
The number of independent events is shown in brackets, i.e. if an event was detected by more
satellites or channels, it is only included once. Note that GRBAlpha carries only one detector unit
so both channels measure counts from the same scintillator, while the two channels for VZLUSAT-
2 correspond to different detector units which are placed perpendicularly to each other.

GRBAlpha VZLUSAT-2

ch0 ch1 ch0 ch2

gamma-ray burst 76 4 19 42 141 (112)
short 13 1 – 3 17 (17)

long 63 3 19 39 124 (95)

soft gamma repeater 2 – 1 5 8 (6)
solar flare 43 5 15 30 93 (79)

X-ray binary 1 – – – 1 (1)

122 9 35 77

131 (131) 112 (83) 243 (198)

4.1.1 Detection rate
GRBAlpha has detected 131 events in its first 37 months of operation. 126 of these were
observed in the past 21 months which yields one detection every five days. The top part of
Fig. 4.2 shows the number of detected transients per month since launch. The increased
number of detections since August 2022 is a result of a software upgrade which allowed
us to perform nearly continuous measurements, except for periods with ground station
issues. Considering only periods when GRBAlpha measured non-stop for at least one
week, it detected on average 2 transients per week out of which one was a GRB. Due to
the polar orbit, GRBAlpha spends around 40 % of the time in high background regions of
the Earth’s radiation belts. The field of view from a 550 km LEO is approximately 8.8 sr.
Correcting for these two effects, we get ∼ 250 transients, or ∼ 125 GRBs per year which
would be detected by a constellation of satellites which would provide an all-sky coverage
from low background regions at all times.

The detection rate is, however, not uniform in time. Especially, the frequency of ob-
served solar flares increases as the solar maximum is approaching. On the other hand,
detections of soft gamma repeaters and flashes from X-ray binaries are sporadic. The
most successful month for GRBAlpha was February 2024 when it detected seven GRBs
and eight solar flares, i.e. one event every two days. The busiest day was February 2, 2024
when GRBAlpha observed one GRB and three solar flares. The minimum time between
two subsequent detections was 42 minutes between GRB 230709B and GRB 230709C.

VZLUSAT-2 has detected 83 transients in the first 26 months of operation. This cor-
responds to one detection in 10 days. However, the GRB detectors on-board VZLUSAT-2
are not constantly turned on. The observations are regulated based on needs of other instru-
ments and the gamma-ray detectors can be turned off if more power is needed for different
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tasks. The bottom part of Fig. 4.2 shows the monthly detection rate for VZLUSAT-2 since
its launch. Since solar flares are among the softer sources, as demonstrated in Fig. 4.3
and discussed in Sec. 4.1.2, the higher number of solar flares observed in the first half of
2023 by VZLUSAT-2 can be related to lower low-energy threshold used for VZLUSAT-2
measurements at that time. In September 2023, the threshold had to be increased which
reduced the number of solar flares observed by VZLUSAT-2 and diminished the difference
in their detection rate between the two CubeSats.

Figure 4.2: Detection rate of all transients detected by GRBAlpha (top) and by VZLUSAT-2 (bot-
tom), and the amount of data downloaded from each CubeSat (black curves). In case of GRBAlpha,
we observe regular detections since August 2022. This time corresponds to a satellite firmware
upgrade which allowed us to dramatically increase the duty cycle and run observations nearly non-
stop. The dips in amount of data at the turn of 2022− 2023 and in summer 2023 are related to
problems with ground station. After the launch of VZLUSAT-2, there was about three-month-long
period before the satellite became fully functional and commissioned. Therefore, during this early
stage the number of detections was very reduced. From VZLUSAT-2 we only download few min-
utes around a specific trigger time, therefore, on average we have much less data downloaded than
from GRBAlpha. The peak in amount of data shortly after the launch is due to mapping of the LEO
background. In spring of 2023, there were joint observations of different payloads on VZLUSAT-2
and VZLUSAT-1.
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4.1.2 Distributions of observational characteristics
Duration vs. spectral hardness

Fig. 4.3 shows all detected transients in the HR−T90 plane separated by the event type.
GRBs are further divided into long and short based on the classification done by other
missions with better temporal resolution. The well-known bimodal distribution of GRB
durations is clearly seen and the bimodal nature is strengthened when the hardness ratio
is introduced. The anti-correlation of hardness ratio on the event duration does not stop
at long GRBs but continues towards longer and softer solar flares. The longest events
detected are among solar flares which seem to have a rather uniform HR distribution with
sharper boundary at the high-energy end around 0.6 and with a weak tail at low-energy
end. Most of soft gamma repeaters fall into the fourth, bottom left, corner of the plot
which encompasses short and soft events. Few SGR bursts appear longer, however, this is
because of a so-called forest of bursts, a collection of many brief spikes which are either
indistinguishable by our temporal resolution or separated by only one or two bins. So far,
only one outburst from an X-ray binary has been detected and on the HR−T90 plane it lies
at the boundary of the transient types.

This simple but elegant division of the HR−T90 plane by the event types suggests it to
be used for a classification of uncertain peaks. One of the related issues is the aforemen-
tioned forest of SGR bursts. To avoid misclassification of these events, another parameter
would need to be introduced. Solar flares are typically broad-peaked structures, therefore,
the parameter could describe the spikiness of the light curves. However, the characteri-
zation of a light curve structure is a long-standing problem, especially in the GRB com-
munity. Another helpful use case of this classification method could be to distinguish real
transients from background-induced detections. However, it is very challenging to create
a representative sample of background peaks because the van Allen radiation belts, espe-
cially their boundaries, are highly variable. To identify these non-astrophysical sources,
introducing satellite’s position as yet another parameter could be beneficial.

A comparison of the hardness ratio and the T90 duration for events which were ob-
served by both CubeSats or both detector units on-board VZLUSAT-2 is shown in Fig. 4.4.
The differences between GRBAlpha and VZLUSAT-2 values can be caused by different
satellite orientations and positions in their orbits, i.e. different background levels. The
discrepancies between the two detector units on-board VZLUSAT-2 are likely related to
the orientation and rotation of the satellite. For instance, GRB 230409D was observed
to be harder by the detector unit 1 (channel 2) but this is likely only a side effect of the
satellite orientation. Large portion of the detector unit 1 was covered by the detector unit 0
(Fig. 4.6, top) and to reach its uncovered part, the incident particles must have crossed
the satellite body which might have reduced the signal in the lowest energies where the
satellite is least transparent. Moreover, the satellite’s orientation often changes throughout
the entire duration of an event which brings further complications to the analysis. The data
can be corrected for these effects by the detector response matrix (Sec. 2.1.3), however,
the DRM is not yet simulated for VZLUSAT-2. Although GRBAlpha’s DRM is available,
we lack the information about its orientation.

Fig. 4.5 shows a comparison of the T90 durations measured by the CubeSat missions
and Fermi/GBM for all joint GRB detections. On average, the GBM duration is longer
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than that measured by GRBAlpha and VZLUSAT-2. The median T90 of GRBAlpha GRBs
is 15 s while median GBM duration for the same dataset is 22 s. VZLUSAT-2 observed
a median T90 duration to be 19 s while GBM measured median of 26 s for the VZLUSAT-2
GRBs. This can be explained by the fact that the GBM detectors have much larger effective
area and are thus more sensitive to GRB precursors and fainter extended emission. Another
reason for this offset can be the polar orbit of the CubeSats. Some GRBs were observed
near the radiation belts what caused that these events were detected only partially. For
instance, this was the case of the brightest-of-all-time GRB 221009A (Ripa et al., 2022;
Řı́pa et al., 2023), a second part of which was detected inside of the radiation belt, and
also the extremely bright GRB 230307A (Dafcikova et al., 2023) which was detected by
GRBAlpha shortly before it entered the radiation belt, and therefore the tail part of the
burst is buried under the particle background. Many events were also observed near the
poles where the background is usually stable but nearly twice as high as at the equator.
Therefore, the significance and also the duration of these events is measured to be lower
than by other missions with better signal-to-noise ratio.

Figure 4.3: Hardness ratio vs. T90 duration for all GRBAlpha and VZLUSAT-2 detections. The
hardness ratio HR is defined as the ratio of the total counts in T90 of the two lowest energy bands.
Note that the energy bands do not correspond to the same energies for all detections because dif-
ferent cutoff is used at each satellite, and the degradation of MPPCs at GRBAlpha has decreased
the gain which shifted the energies to higher values (Sec. 3.1). Colors distinguish between GRBs,
SGRs, solar flares (SF) and X-ray binaries (RX). GRBs are significantly harder than other classes.
Among softer sources are longer solar flares and shorter soft gamma repeaters. Activity from an X-
ray binary was only detected once and this detection lies at the boundary of GRBs, SFs and SGRs.
Some of the SGRs appear longer what might be caused by a burst forest which was considered
as one event in our analysis, however, in reality was a series of individual short bursts. GRBs are
furthermore divided into short and long based on their duration determined by other missions with
finer temporal resolution.
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Figure 4.4: A comparison of the hardness ratios HR (left) and T90 durations (right) of the events
detected by more detectors.

Figure 4.5: A comparison of the GRB T90 durations as observed by GRBAlpha and VZLUSAT-2
with Fermi/GBM. On average, the CubeSats measure shorter durations than GBM. This is likely
due to the larger effective area of GBM that is therefore more sensitive to fainter precursors and
extended emission of GRBs. Many events were also observed near the van Allen radiation belts
where the measured background is higher and less stable, and the significance of the detection,
thus the observed duration, decreases. On the short-duration end, the sensitivity is limited by the
exposure time of the CubeSats which is currently 1 s for VZLUSAT-2 and 0.5 s for GRBAlpha.
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Figure 4.6: An example of VZLUSAT-2 orientation at the peak time of GRB 230409D. Bottom
panel shows the background-subtracted light curves measured by both detector units. The vertical
solid line marks the time for which the satellite’s orientation is illustrated in the top panel. The
satellite is depicted as would be seen from the source location. It is evident that the detector unit 0
covered large portion of the detector unit 1. Consequently, the measured count rate is higher in
data from unit 0. Moreover, unit 1 only detected those particles and photons which were energetic
enough to cross the satellite body. This reduced the detected count rate in the lowest energies which
resulted in harder observed spectrum of this GRB by the detector unit 1.

Peak flux and fluence

The distribution of the measured peak flux does not significantly vary between individual
transient types. The distribution is skewed with median values of ∼ 73 cnt/s for short
GRBs, ∼ 112 cnt/s for long GRBs, ∼ 127 cnt/s for solar flares, and ∼ 228 cnt/s for soft
gamma repeaters. The higher median of SGR fluxes is most likely only a result of a small
sample size. The sharper boundary at low fluxes is related to the detection limit of faint
events. The weak tail towards high fluxes represents the low occurrence rate of very bright
transients.

The observed fluence is higher in case of long GRBs and solar flares. However, the
distributions follow the T90 distributions (Fig. 4.3, top panel). Therefore, this can be ex-
plained solely by the fact that these events last longer and in the end accumulate more
counts during their duration.
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Figure 4.7: Distributions of the peak flux P (left) and fluence S (right) for different transient types.
The distribution of peak flux does not significantly vary for different types of events. The fluence
is on average higher for long GRBs and solar flares which is related to their longer duration.

Solar flares

A relatively large sample of solar flares detected by GRBAlpha and VZLUSAT-2 allows
us to look closer at the characteristics of individual SF classes. Most of the 77 detections
belong to the C (32) and M (37) classes, two B class solar flares were observed and six
bright ones belonging to the X class.

The distributions of their durations, hardness ratios, peak fluxes and fluences are pre-
sented in Fig. 4.8. The T90 duration, peak flux and fluence all appear to be in accordance
with each other and also with the SF class. Brighter solar flares in soft X-rays last longer
and are also brighter in soft gamma-rays.

The most interesting result regarding solar flares is the distribution of their observed
hardness ratios which seems to be uniform across individual classes. Note, that many
solar flares were only detected in the lowest energies and therefore this distribution might
be biased by background fluctuations present in the second lowest energy band. Some
solar flares even have negative values of the hardness ratios and lie outside of this plot.
However, few strong solar flares were also observed in our highest energies (Sec. 4.1.3).

4.1.3 Selected events
Every transient included in this catalogue demonstrates the extraordinary nature of our
universe and deserves an admiration on its own. In this section, we briefly mention few of
the most exceptional detections.

GRB 231215A: the most distant GRB

This long GRB is the most distant transient with known redshift detected by GRBAlpha
at z = 2.305 (Thoene et al., 2023). Assuming a flat ΛCDM model (H0 = 69.6 km/s/Mpc,
ΩM = 0.29, Ω0 = 0.71), the light travel time is 10.8 Gyr. This is the look-back time of
a satellite which can be hold in one hand.
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Figure 4.8: Distributions of the T90 duration (top left), hardness ratio HR (top right), peak flux P
(bottom left) and fluence S (bottom right) for solar flares separated into their sub-classes based on
their peak flux in soft X-rays. Although the hardness ratio does not significantly vary between the
classes, stronger flares seem to last longer and exhibit higher peak fluxes and fluences also in soft
gamma-rays.

GRB 221009A: the brightest-of-all-time GRB

GRBAlpha got lucky when, only shortly after a software upgrade which allowed us to
run continuous measurements, the brightest-of-all-time (BOAT) GRB 221009A occurred.
The small detector size turned out to be an advantage in such an extreme case as it did not
get saturated, compared to large spacecrafts such as Fermi or Swift. This allowed us to
accurately measure the peak flux of this exceptional event (Řı́pa et al., 2023).

SF 240222c: an X6 class solar flare

Another example of an extraordinarily bright event comes from much closer distances of
our solar system. An X6 class solar flare was observed by GRBAlpha on February 22,
2024 (Fig. 4.9). The peak flux of this solar flare was nearly as high as the peak flux of
the BOAT and in the fluence distribution it is the brightest transient of this catalogue.
GRBAlpha and VZLUSAT-2 have detected more X-class solar flares, however, none of
them showed such extraordinary behaviour in soft gamma-rays. Another peculiarity about
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this event is that it was observed in the highest energies. This high-energy bump was also
observed for an M6.5 class solar flare on May 9, 2023 which was also very bright with
a peak flux of ∼ 5000 cnt/s. It is interesting that in the middle energy band the detection
is absent. Although GRBAlpha was approaching the radiation belt (Fig. 4.10), at these
latitudes we usually observe no or very few counts in the highest energy band.

Figure 4.9: Light curve of an X6 class solar flare as observed by GRBAlpha. The vertical dashed
line marks the trigger time by Konus/Wind. The peak flux of this solar flare was nearly as high
as the peak flux of the BOAT GRB 221009A. In the energies of ∼ 400− 670 keV, only the LEO
particle background is observed which is increasing as the satellite is moving towards the radiation
belt (Fig. 4.10).
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Figure 4.10: Ground tracks of GRBAlpha during two orbits around the Earth on February 22,
2024. The red arrow points at the brightest transient in our catalogoue, an X6-class solar flare.
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4.2 Detector sensitivity

4.2.1 Theoretical sensitivity
We demonstrate the theoretical sensitivity in terms of fluence of a typical long and short
GRB which would be detected by our nanosatellites with SNR = 5. The estimation was
done according to the steps described in Sec. 3.3. The typical spectral parameters for
a CPL model used in the calculation are stated in Tab. 4.8. The calculated threshold
fluence values Sthr for GRBAlpha and VZLUSAT-2 are presented in Tab. 4.9 and 4.10, re-
spectively. Fig. 4.11 shows the simulated photon spectra of the typical GRBs and the count
spectra which would be measured by the detectors on-board GRBAlpha and VZLUSAT-2
if the GRBs were observed as 5σ detections. The difference between the two satellites
is due to lower low-energy threshold used for data acquisition by VZLUSAT-2 which is
therefore more sensitive to softer events.

Fig. 4.12 shows the threshold values plotted over the complementary cumulative dis-
tribution function (CCDF) of Fermi/GBM GRBs. Depending on the low-energy thresh-
old, the detector should be able to detect at least ∼ 50− 60% of long GBM GRBs and
∼ 70−80% of short GBM GRBs. GBM yearly detects ∼ 200 long and ∼ 40 short GRBs.
Assuming the same orbit as Fermi, our detector should detect ∼ 120−150 GRBs per year.
For a constellation of satellites providing a full-sky coverage, the expected detection rate
is ∼ 170−210 GRBs per year. This estimation is more positive than the one derived from
the observed detection rate by GRBAlpha discussed in Sec. 4.1.1. The longest continuous
observing time of GRBAlpha was around three months and although it is getting higher,
occasionally there is a few-week-long period without any operations. Therefore, the es-
timation of the detection rate for continuous operations may be biased by the selected
periods and we expect it to increase with more stable observing time.

Table 4.8: Spectral and temporal parameters of typical GRBs (Galgóczi et al., 2021) used to
simulate the spectrum of a 5σ detection by the detectors on-board GRBAlpha and VZLUSAT-2.

A α Epeak T90

ph cm−2 s−1 keV−1 – keV s

sGRB 0.0068 -0.38 669 1
lGRB 0.009 -0.96 183 20

Table 4.9: Calculated values of the threshold amplitude Athr and fluence Sthr of a typical short and
long GRB as would be observed by GRBAlpha.

A Sthr (10–1000 keV) Sthr (50–300 keV)

ph cm−2 s−1 keV−1 10−6 erg/cm2 10−6 erg/cm2

sGRB 0.013373 1.5072 0.4704
lGRB 0.005451 2.9427 1.7856
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Table 4.10: The same as Tab. 4.9 but for VZLUSAT-2.

A Sthr (10–1000 keV) Sthr (50–300 keV)

ph cm−2 s−1 keV−1 10−6 erg/cm2 10−6 erg/cm2

sGRB 0.010256 1.1559 0.3608
lGRB 0.003301 1.7821 1.0813

Figure 4.11: Simulated photon spectra (left) and count spectra which would be measured on-axis
by our detectors (right) of a typical long and short GRB detected with SNR = 5.

Figure 4.12: Complementary cumulative distribution functions of the fluence of all GRBs detected
by Fermi/GBM. The black curve marks the normalized number of GBM GRBs with fluence higher
than or equal to the given value. The vertical solid lines mark the theoretical value for GRBAlpha
and VZLUSAT-2 threshold detection of a typical long GRB with SNR = 5. The vertical dashed
lines mark the theoretical value for GRBAlpha and VZLUSAT-2 threshold detection of a typical
short GRB with SNR = 5. In the legends, f is the fraction of GRBs brighter than the marked value.



Chapter 4. Results and discussion 50

4.2.2 Cross-correlation with Fermi/GBM
Thanks to its large effective area and field of view, Fermi/GBM has the highest GRB detec-
tion rate from all current GRB-observing instruments. To study the empirical sensitivity
of our detector, we compare the observed characteristics by our missions with those mea-
sured by GBM for all jointly detected GRBs. Fig. 4.13 shows the correlations between the
peak flux and fluence observed by GBM and GRBAlpha or VZLUSAT-2. The light and
bright color distinguishes between sub-threshold (3≤ SNR< 5) and significant (SNR≥ 5)
detections. The sub-threshold detections of bright GRBs are likely due to satellite orien-
tation and higher background levels. In case of VZLUSAT-2, the detection significance is
also reduced if one detector unit partially covers the other.

Detection of faint GRBs

More interesting are the significant observations of faint GRBs. We identify four signif-
icant detections below the calculated threshold values discussed in Sec. 4.2.1; one short
and two long GRBs detected by GRBAlpha, and one long GRB observed by VZLUSAT-2.
Their spectral parameters for a CPL model are summarized in Tab. 4.11 and the compari-
son of their spectra with the theoretical spectrum of a threshold detection of a typical GRB
is shown in Fig. 4.14. Closer inspection reveals that the three faint long GRBs were harder
than a typical long GRB which explains the higher observed significance. This suggests
that although due to the higher low-energy cutoff we lose some softer events, because we
collect less of the noisier low-energy background the higher cutoff may be beneficial for
detecting harder GRBs. These are usually short GRBs which are related to neutron star
mergers. The detector concept is thus suitable for contributing to the search for electro-
magnetic counterparts to gravitational waves. Interestingly, the spectrum of the faint short
GRB 230102A appears to be softer compared to a typical short GRB. However, the SNR
of this event is only slightly above the 5σ threshold (SNR = 5.4), therefore, this detection
could be explained by favourable satellite orientation and low background level.

Table 4.11: Spectral parameters of significant (SNR ≥ 5) GRB detections with Fermi/GBM flu-
ence lower than the threshold value calculated for a 5σ detection (Tab. 4.9, 4.10). The indices G
and V mark whether the GRB was observed by GRBAlpha or VZLUSAT-2, respectlively. The
GBM fluence SGBM is for the entire energy range of 10 − 103 keV, the GBM BATSE fluence
SGBM,batse is for the band 50− 300 keV. References: [1] Krimm et al. (2024), [2] Cheung et al.
(2024), [3] Cheung et al. (2023), [4] Fletcher and Meegan (2023).

name SGBM SGBM,batse α Epeak ref.

10−6 erg/cm2 10−6 erg/cm2 – keV

lGRB 240222AG 0.484 0.263 0.104 155 [1]
lGRB 240216AG 2.27 1.09 0.3 1230 [2]
lGRB 231019AV 1.48 0.912 4.3 130 [3]
sGRB 230102AG 1.15 0.450 -0.94 1508 [4]



Chapter 4. Results and discussion 51

Figure 4.13: Top: Comparison of peak flux measured by Fermi/GBM and peak count rate mea-
sured by GRBAlpha and VZLUSAT-2 CubeSats for different energy bands. Bottom: Compari-
son of fluence measured by Fermi/GBM and total counts detected during T90 by GRBAlpha and
VZLUSAT-2 CubeSats for different energy bands. The horizontal solid (dashed) lines mark the
theoretical fluence of a typical long (short) GRB calculated for a threshold detection with SNR = 5.
All GRBs observed by both, Fermi and GRBAlpha or VZLUSAT-2 satellites, are included in the
figure. The ones shown in light color are sub-threshold detections and those shown in dark color
are significant detections. The boundary between sub-threshold and significant detections repre-
sents the empirical detector sensitivity. Few GRBs fainter than the threshold were detected by the
CubeSats as significant detections. These are further investigated in Sec. 4.2.2. The CubeSat data
shown in the figure are subject to some undesired effects; they are not corrected for the satellite
orientation, GRBAlpha and VZLUSAT-2 use different cutoff for low energies, the energy bands
differ for individual detections as described in Sec. 3.1.
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Figure 4.14: Spectra of GRBs fainter than the calculated threshold for a 5σ detection compared
to the theoretical spectrum of a GRB used for calculation of the sensitivity threshold. Left: GR-
BAlpha long GRBs, middle: GRBAlpha short GRBs, right: VZLUSAT-2 long GRBs. The de-
tection of fainter long GRBs can be explained by their harder spectra, compared to the threshold
GRB, at ∼ 100 keV where the detectors have maximum effective area. The spectrum of the short
GRB 230102A is softer than that of a typical short GRB, however, the significance of this detection
was close to the 5σ threshold.

Non-detection of bright GRBs

Besides the detections themselves, it is also interesting to look at the reasons why we did
not see those events that we did not see. On a polar LEO at an altitude of ∼ 550 km,
satellites are usually exposed to the particle environment of the Earth’s radiation belts
around ∼ 40% of the time (Fig. 3.1). However, the LEO environment is very dynamic
and at times of high solar activity we have observed the particle background to extend
up to ∼ 20 degrees of latitude what dramatically decreases the duty cycle. The LEO
environment thus presents one of the obstructions against more detections. Another one is
the limited sky coverage of a satellite at LEO. Despite the great advantage of gamma-ray
detectors being practically omnidirectional, approximately ∼ 30% of the sky is occulted
by the Earth at a ∼ 550 km orbit.

To study these non-detections in more detail, we cross-correlated the times of all GBM
GRBs with available data from the CubeSat missions and assembled a list of GRBs for
which either of the nanosatellites has data. Subsequently, we removed those GRBs which
were detected. For the rest of the sample, we manually inspected the light curves and
determined the state of the background. We dropped those triggers which occurred in high
background regions. For the subset of GRBs which happened in low and stable back-
ground, we further checked if the localized GRB position was not occulted by the Earth.
Finally, we were left with a set of undetected GRBs which occurred in low background
and were in our field of view.

Ideally, we would expect all of these GRBs to be below our detection limit. Fig. 4.15
and 4.16 compare the distributions of the peak flux and fluence of sub-threshold and sig-
nificant detections with the non-detected GRBs. The division between detections and
non-detections is apparent in the peak flux distributions. The overlap of the fluence dis-
tributions is more significant. For both CubeSats, 30% of the non-detections have higher
fluence than the threshold value calculated in Sec. 4.2.1. All of these bright undetected
GRBs belong to the long-duration group. The reason for these non-detections could be
the edge-on orientation of the detector with respect to the source, for which the effec-
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Figure 4.15: The distributions of peak flux (left) and fluence (right) measured by Fermi/GBM
of all GRBs which were in GRBAlpha’s field of view and happened in low background region,
separated according to the detection significance. The vertical lines mark theoretical values of
a threshold 5σ detection of a typical short and long GRB (Sec. 4.2.1).

Figure 4.16: The same as Fig. 4.15 but for VZLUSAT-2.

tive area of the detector is considerably lower (Fig. 2.7). However, since we do not have
the information about the orientation of GRBAlpha and the VZLUSAT-2 AOCS data is
only download for confirmed detections, we cannot confirm nor reject this hypothesis.
VZLUSAT-2 carries two detector units which are placed perpendicularly to each other.
This suggests that the overlap of the undetected and observed GRBs should be smaller
compared to GRBAlpha, because the chance of a simultaneous edge-on orientation for
two detectors is much lower than for only one detector. However, VZLUSAT-2 often mea-
sures data only with one detector unit, depending on the power consumption needs of the
other instruments on-board.

Detectivity of gamma-ray bursts

Fig. 4.17 shows the faintest sub-threshold and significant GRBs detected by GRBAlpha
and VZLUSAT-2 plotted over the CCDF of the peak flux and fluence of Fermi/GBM
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Figure 4.17: Complementary cumulative distribution functions of the peak flux (top) and fluence
(bottom) of all GRBs detected by Fermi/GBM. The black curve marks the normalized number of
GBM GRBs with peak flux or fluence higher than or equal to the given value. The vertical solid
lines mark the faintest GRBs detected by GRBAlpha and VZLUSAT-2 with SNR ≥ 5. The vertical
dashed lines mark the faintest events detected by the CubeSats with SNR < 5. In the legends, f is
the fraction of GRBs brighter than the marked value and N is the number of GRBs which would
be detected per year with this sensitivity, derived from the yearly detection rate of GBM.

GRBs. The faintest GRB detected by GRBAlpha with SNR≥ 5σ belongs to 15% of the
faintest GRBs observed by GBM. This suggests that the detector should be able to see
all of the brighter 85%. However, this faintest GRB detection is the long GRB 240222A
which, as discussed earlier, was harder compared to a typical long GRB (Fig. 4.14). The
faintest GRB detected significantly by VZLUSAT-2 is located at 65% of the CCDF. The
fact that the value is lower than the faintest GRBAlpha GRB can be simply explained by
GRBAlpha’s luck. If VZLUSAT-2 was taking measurements at that time and was in the
same location as GRBAlpha, there is no reason why it should not observe this GRB. With
more detections, the empirical sensitivity of VZLUSAT-2 is expected to increase.

When looking at sub-threshold detections, the empirical sensitivity in terms of what
fraction of GBM GRBs could be observed by our detector exceeds 90%. While this is
very impressive considering the much smaller effective area of our detector compared to
that of GBM, the sub-threshold detections were confirmed by cross-correlation with the
light curves observed by GBM and other missions and due to their low significance they
would most likely not be triggered by an automatic trigger algorithm on-board. Therefore,
the estimated ability to detect 85% of GBM GRBs is more realistic.



Conclusions

This work studies astrophysical gamma-ray transients observed by two nanosatellite mis-
sions; GRBAlpha and VZLUSAT-2. The main results can be divided into two sections.
In the first part, we present a catalogue of transients detected during the first ∼ 3 years
of GRBAlpha and ∼ 2 years of VZLUSAT-2 operations. The second part is dedicated to
a detailed study of the detector sensitivity.

The catalogue (Sec. 4.1) includes 198 gamma-ray transients, specifically, 17 short and
95 long gamma-ray bursts (GRBs), 79 solar flares, six flashes from two different magnetars
known as soft gamma repeaters (SGR), and one outburst from an X-ray binary. Individual
transient types are clearly separated in the HR−T90 plane (Fig. 4.3). GRBs are hard with
a bimodal duration distribution and the soft region is occupied by the long solar flares and
very short SGRs. The distribution of the peak flux is similar for all types of transients
and the distribution of measured fluence follows that of the T90 duration (Fig. 4.7). The
distributions for individual solar flare classes (Fig. 4.8) reveal that while higher-class flares
last longer and are brighter in soft gamma-rays, their hardness ratio is uniform among the
individual classes. This result can be biased by background fluctuations because most
solar flares were only observed in the lowest energy band.

Some notable detections are (Sec. 4.1.3):

• GRB 231215A is the most distant GRB, localized at z = 2.305. This is equivalent to
a look-back time of 10.8 Gyr for a 1U CubeSat.

• The shortest time interval between two subsequent detections was 42 minutes be-
tween GRB 230709B and GRB 230709C. This demonstrates the capability of nano-
satellites to routinely detect GRBs.

• GRBAlpha observed the brightest-of-all-time (BOAT) GRB 221009A and thanks to
the small detector size it provided an unsaturated measurement of its peak flux. Both
CubeSats also observed the second brightest GRB 230307A.

• An X6 class solar flare on February 22, 2024 was at its peak nearly as bright as the
BOAT while its fluence was 1000× higher than the fluence of an average detection.
Interesting is also its detection in the highest energy band where detection of any
transient type is extremely rare.

The sensitivity study was done by theoretical calculations of fluence for a 5σ detection of
a typical GRB (Sec. 4.2.1) and by cross-correlating our detections with GRBs observed
by Fermi/GBM (Sec. 4.2.2). The calculated theoretical fluence implies a feasible de-
tectivity of ∼ 60% of long and ∼ 80% of short GBM GRBs (Fig. 4.12). Three GRBs
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significantly (SNR≥ 5) detected by GRBAlpha and one by VZLUSAT-2 fall below the
theoretical threshold. We find that their spectra were harder than the spectrum of a typ-
ical GRB (Fig. 4.14) what can explain our significant detections. We also find that 30%
of GRBs which were not detected but occurred in the satellites’ field of view while they
were in a low-background region have fluence higher than the theoretical threshold value
(Fig. 4.15 and 4.16). A potential explanation for these non-detections is an edge-on orien-
tation of the detector with respect to the source, however, we cannot reject nor confirm this
hypothesis because we do not have the attitude information. The faintest GRB observed
significantly by the CubeSat missions is the GRB 240222A which belongs to the 15% of
the faintest GBM GRBs. This suggests that the detector should be able to see 85% of the
brightest GBM GRBs. However, the spectrum of this event was harder than that of a typi-
cal long GRB, therefore, the real sensitivity is likely lower. Nevertheless, it demonstrates
that the detector sensitivity is high for harder events which are usually short GRBs, the
electromagnetic counterparts to gravitational waves.

The observed detection rate (Sec. 4.1.1) of GRBAlpha during non-stop observations is
two transients per week, out of which one is a GRB. Extrapolating for a constellation of
similar satellites which would provide an all-sky coverage from low-background region,
we estimate a yearly detection of ∼ 250 transients, at least half of which would be GRBs.
VZLUSAT-2 on average observes one transient in ten days. The lower number compared
to GRBAlpha is due to irregular measurements done by the GRB detectors on-board.

The author of this work is actively involved in operating the GRBAlpha satellite, rou-
tine search for interesting events in the acquired data, and announcing new detections to
the astrophysical community via GCN Circulars3. A list of all published GCN Circulars
and co-authored publications can be found in Appendix B.

3https://gcn.nasa.gov/circulars

https://gcn.nasa.gov/circulars


Appendix A

Catalogue of detected transients
Light curves of all detected transients by the gamma-ray detectors on-board GRBAlpha
and VZLUSAT-2 are presented on the following pages.
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Figure 4.18: Light curves of transients detected by GRBAlpha.
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Figure 4.18: Light curves of transients detected by GRBAlpha.



Appendix 60

Figure 4.18: Light curves of transients detected by GRBAlpha.



Appendix 61

Figure 4.18: Light curves of transients detected by GRBAlpha.
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Figure 4.18: Light curves of transients detected by GRBAlpha.
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Figure 4.18: Light curves of transients detected by GRBAlpha.
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Figure 4.18: Light curves of transients detected by GRBAlpha.
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Figure 4.18: Light curves of transients detected by GRBAlpha.



Appendix 66

Figure 4.18: Light curves of transients detected by GRBAlpha.



Appendix 67

Figure 4.18: Light curves of transients detected by GRBAlpha.
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Figure 4.18: Light curves of transients detected by GRBAlpha.
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Figure 4.18: Light curves of transients detected by GRBAlpha.
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Figure 4.18: Light curves of transients detected by GRBAlpha.
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Figure 4.18: Light curves of transients detected by GRBAlpha.
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Figure 4.18: Light curves of transients detected by GRBAlpha.
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Figure 4.18: Light curves of transients detected by GRBAlpha.
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Figure 4.18: Light curves of transients detected by GRBAlpha.
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Figure 4.19: Light curves of transients detected by the detector unit 0 on-board VZLUSAT-2.
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Figure 4.19: Light curves of transients detected by the detector unit 0 on-board VZLUSAT-2.
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Figure 4.19: Light curves of transients detected by the detector unit 0 on-board VZLUSAT-2.
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Figure 4.19: Light curves of transients detected by the detector unit 0 on-board VZLUSAT-2.
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Figure 4.19: Light curves of transients detected by the detector unit 0 on-board VZLUSAT-2.
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Figure 4.19: Light curves of transients detected by the detector unit 1 on-board VZLUSAT-2.
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Figure 4.19: Light curves of transients detected by the detector unit 1 on-board VZLUSAT-2.



Appendix 82

Figure 4.19: Light curves of transients detected by the detector unit 1 on-board VZLUSAT-2.
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Figure 4.19: Light curves of transients detected by the detector unit 1 on-board VZLUSAT-2.
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Figure 4.19: Light curves of transients detected by the detector unit 1 on-board VZLUSAT-2.
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Figure 4.19: Light curves of transients detected by the detector unit 1 on-board VZLUSAT-2.
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