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Abstrakt

Predstavujeme prvni katalog kratkodobych zdrojii v oboru gama pozorovanych za 3 roky
provozu druZice GRBAIpha a 2 roky provozu druZice VZLUSAT-2. Obé druZice jsou
technologickou demonstraci nové vyvinutého detektoru gama zareni, Csl(TI) scintilatoru
vyCitaného kfemikovymi fotonasobici, ktery je vhodny pro rutinni pozorovani zableski
zafeni gama (GRB) druZicemi typu CubeSat. Prlimérna Cetnost detekci jedné druZice
pfi nepretrZitych méfenich je dva tranzienty za tyden, z nichZ jeden je GRB. Nejslabsi
GRB detekovany jako 5s detekce patfi k nejslabsim 15% GRB pozorovanych druZici
Fermi/GBM. Z toho vyplyva schopnost detekovat 85% GBM GRB pomoci detektoru na
palubé druZice, kterou Ize drZet v jedné ruce. Navic se zjistilo, Ze citlivost je vysSi pro
tranzienty s tvrdS$im spektrem, jako jsou kratké GRB, coZ pFedstavuje velkou vyhodu pfi
hledani elektromagnetickych protéjskl gravitacnich vin.

Abstract

We present the first catalogue of gamma-ray transients observed in 3 years of GRBAIpha
and 2 years of VZLUSAT-2 operations. Both satellites are technological demonstrations
of a newly developed gamma-ray detector, a CsI(TI) 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 5s 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 rst 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 rm conclusions. It wasn't until 1997 that their extragalactic origin
was con rmed thanks to the discovery of the rst 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 con rmed 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
etal., 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 eld 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 eet 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(TI) scintillator coupled with
silicon photomultipliers (SiPMs). The prototype of this detector is already employed in
two space missions, GRBAIphadPet al., 2023) and VZLUSAT-2 (&niel et al., 2020).

In this work, we present the rst 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 GRBAIpha and VZLUSAT-2 space missions.
Chapter 3 describes the methods used for the analysis. Finally, the results and presented
and discussed in chapter 4.



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 generat&0°! 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 nanigaduration (Kouveliotou et al.,
1993), de ned as the time during which the total recorded signal increases from 5% to
95%, hence encompassing 90% of the total observed uence. 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 GRBAIpha and VZLUSAT-2 nanosatellites can be seen in the
Appendix A of this work. The shortest GRBs ever observed Rayalurations in order
of tens of miliseconds, e.g. GRB 050509B (Barthelmy et al., 2005a) lasti®@ ms. On
the other hand, a special population of ultra-long GRBs exists with durations abbge 10
(Levan, 2015).

The duration distribution of GRBs has been observed to have a bimodal character. The
separation into two categories intensi es 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 reball 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 thélgg duration and hardness ratio of GRBs from the rst 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, 20@4$2vos, 2006). These

two models for a GRB progenitor are related to the two observed classes of GRBs appar-
entin theTgg HRplane (Fig. 1.1). Long GRBs typically occur in star-forming galaxies
and many of them have been associated with supernovae (SNe). The rst 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 con rmed 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 out ow
of matter which is instead concentrated into a jet. This beaming has been con rmed 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 (Mszaros, 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 reball 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 ares

Solar ares 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 reacResgl(Fletcher et al.,
2011). Although it is much lower than the energy released in GRBs, solar ares 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 ares typically last between few minutes to
several hours. The energy is released across all wavelengths with the peak being at soft
X-rays. The classi cation of these events is thus determined from their peak X-ray ux in
the Q1 0:8 nm band observed by the GOES satellites (Tab. 1.1). Gamma-ray emission
from solar ares is regularly detected by missions such as Fermi/&Bdnus/Wind or
AGILE (Ursi et al., 2023).

https://heasarc.gsfc.nasa.gov/iw3browse/all/fermigsol.html
2https://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 eld lines shortly before the reconnection. The red curves
represent matter falling back to the photosphere while the blue curve illustrates out ow to the

interplanetary medium. The emission regions of soft and hard X-rays are marked by black arrows.
Adapted from: http://www.solarsystemcentral.com/surepthpage.html.

Table 1.1: Classi cation of solar ares based on their peak ux in soft X-rays measured by the
GOES satellite.

SF class GOES X-ray ux [W m?]

A 108 107
B 107 106
C 106 10°
M 10 ° 104
X 10 4 103

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 rst evidence that these ares originate in neutron stars with ex-
tremely strong magnetic eld, named magnetars, by measuring the spindown rate from
the persistent X-ray ux of one of the sources. This supported earlier hypothesis that the
observed aresin gamma rays are produced by magnetic stresses similar to solar ares 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

GRBAIpha (Rl 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 GRBAIpha, 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., 2048ePal., 2020, 2023) are a CsI(TI)
scintillator with eight silicon photomultipliers (SiPMs) glued to its side. The crystal has
asizeof 75 75 5 mm. Itis wrapped in a re ective foil to prevent the escape of scin-
tillation optical photons, and the whole con guration 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 318 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 I8 with a sampling time of 1.6, and converted to voltage
by a preampli er. Finally, a shaping ampli er 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 (eft) and internal (ight) view of the GRBAIpha CubeSat &Pet 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 (eft) and internal (ight) 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 GRBAIlpha. Credit:\W/ZL
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Figure 2.3: Mass model of GRBAIpha. 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 eld-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 tarb ms 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 uxis low, each detected incident particle is recorded as one count with
an energy proportional to the number of scintillation photons. However, if the incoming
ux 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 GRBAIpha, it starts at approximately 2508scfR pa 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 patrticles 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 GRBAIphain
laboratories of the Technical University of Kioe, Slovakia. Total of seven spectral lines
were used for the calibration, speci cally the 31 keV and 81 keV line$*@Ba, 22 keV
and 88 keV lines ot%°Cd, 25 keV and 59.5 keV lines 8f1Am, 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- ight calibrations, the gain factor and offset values for channel 0 were measured
to be 408 keV=ch and 154 keV, respectively. Due to the degradation of MPPCs, the
gain decreases with time. As a result, the recorded PHA of a speci c input energy is lower
and thus the gain factor needs to be modi ed 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 i84keV=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
GRBAIpha when the Sun was closer to its maximum and thus the ux of trapped protons
at LEO lower; the altitude of VZLUSAT-2 is slightly lower and therefore it is exposed
to lower uxes 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 patrticle 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 GRBAIpha. 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 chaeftel O (
and channel 1r{ght) of the GRBAIpha CubeSat. The measurements were done one orbit apart
in low background region; both under the operational voltage of MPPCs of 178 DA&S (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- ight calibrations were only done for channel 0 and channel 1 can have slightly different
characteristics.



Chapter 2. GRBAIpha & VZLUSAT-2 12

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 de ected. 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 electrobX2 keV)
interacting with the electric eld 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 de ected 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 GRBAIpha. 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 GRBAIlpha operations and measurements

GRBAlIpha 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 Kesice, Slovakia and at Konkoly observatory in Budapest, Hungary, and downlink
is recorded by two receivers; one in Piggked Observatory, Hungary and the other in
Jablonec, Slovakia. GRBAIpha passes over these locations typically three times in the
morning and three times in the evening, however, often the communication is ef cient
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 GRBAIpha. 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 eneRjght: Effective area vs. incident photon
energy from the simulated detector response matrix. The maximum effectivAareas4 cn?
corresponds to the incident photon energy af00 keV.

Figure 2.7: Mean effective areées simulated for different energies shown in satellite coordinates

g (vertical) andf (horizontal). The face of the detector corresponds t0180 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 arodind 240 300 degrees near edge-

on point of view ¢ = 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 GRBAIpha. 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 2Y spectral bins, wherbl = f 1;::;8g 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 (SatNOGY 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 Telescopéformerly 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 eld 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 Nal(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

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

detectors with the LAT. The Nal(Tl) detectors are arranged around the spacecraft
in a speci ¢ way which enables to localize the high-energy source from the relative
count rates detected by different units. The GBM's eld 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 eld 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 eld 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-Clétien re ector 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 ne 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 Nal(TI) 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 patrticles.

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). Itis
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 LaB€e 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) ying aboard the ISS. It com-
prises of two scienti ¢ 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 CentréJX.VZL
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 scienti ¢ 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 GRBAIpha.
However, the downlink rate is lower than that of GRBAIpha and therefore we only down-
load few minutes of measurements around the trigger time (while for GRBAIpha 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 brie y
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 GRBAIpha. 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 speci ed 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 GRBAIpha. 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 vaitegef 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 ftw = 168 DAC follows

E [keV]= 5:61 ADC channelno 20 (3.1)

This relation is used for analysis of transients detected by GRBAIpha 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. Egrig Hv=178(keV) Erev, Hv=178 (K€V) 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 countC&te

CR= £; (3.2)
exp
whereC is the number of counts detected during the expotgevhich 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 speci c time is subject to a Poisson uncertainty
equal to a square root of the value itself. Tiseuncertainty of the count rate is then

S
e CR.

SCrR= — =

— 3.3
texp texp (33)

3.2.1 Background tting

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 (@aiget 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 uctuations 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 sfaghs and end timeTigqe, and back-
ground intervals (Fig. 3.2a). The background is then tted by a linear function and
a second-order polynomial. The best tis selected by the lowest recte@éig. 3.2b):
c2
Fy

c2= (3.4)
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Figure 3.1: A map of the particle background measured by GRBAIpha presented in geographic
coordinates. The variable high background regions correspond to the van Allen radiation belts and
the SAA.

wheren is the number of degrees of freedom calculated as the total amount of temporal
bins in the background regions minus the number of tted parameters; aisdgiven by

(CI Ci;t)z_
Gt

whereG; is the number of detected countsiith background bin an@;. ; is the expected
value based on the best polynomial t. The tis done on count rate data and inthe
calculation it is multiplied by the exposure time. The background t 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.

2= § (3.5)
i

3.2.2 Tgpduration

A GRB duration is generally described by thg) 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 Thgin 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 uctuations. The uncertaingy,, is therefore calculated as a superposition of
the two:

— 2 .
STeo= Sétatt tgxp- (3.6)

The statistical uncertaintysts; 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 23030%#om top to bottomraw light

curve of the event with user-selected background regions shown in blug;gntimits of the
event delimited by the vertical solid lines; background ts by a linear function and a second-order
polynomial; background-subtracted light curve using t with lower reducédvertical dashed
lines represent th&g duration and uence is shown in blue; cumulative counts during the event
duration and thdgg determination.
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bin, and calculated th&g for each simulation while the background intervals andTiyg

of an event remained the same in each simulation. The median of the distribution was
then taken as the nalgg and the lower and uppesluncertainties 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 th®o duration and its uncertainties for
GRB 230305A.Left Histogram ofTgg durations from 10 000 MC simulationRight Cumu-
lative distribution function of th@gg durations from MC simulations. The vertical solid line marks
the median of the distribution and the dashed lines showshstdtistical uncertainties.

3.2.3 Peak ux

We de ne the peak uxP 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 Eg. 3.2 and 3.3.

3.2.4 Fluence

The uenceSis de ned as a time-integrated ux, i.e the sum of all counts detected between
the starts and the end; of the Tgg duration (Fig. 3.2¢):

te
S= 4 (CR CR:{)texp (3.7)

i:ts

Similarly to the uncertainty of thdgg, the uence error also has two components.
Firstly, the uence highly depends on thig itself and its uncertainty. Therefore, in
each of the MC simulations described in Sec 3.2.2 we also computed the uence. Its
lower and upper 4 uncertainties are then computed from the distribution as the 0.159-th
and 0.841-th quantiles, analogically to the uncertainties offghe Secondly, a standard
Poisson uncertainty of the observed counts dufigags calculated according to the error

propagation theory: r r

SObS= é S|2 = é_ CR texp (38)
[ |
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The nal ssis again computed as a superposition of the two aforementioned uncertainties:

q

— 2 2 .
Ss=  Syct Sobs

(3.9)

3.2.5 Hardness ratio

The hardness ratiBR is de ned as the ratio of uence in harder and softer energy band.
Because most of the transients were detected only in the two lowest energy bands, we only
include theHR between these two bands, i.e.

_ S _ S(64 127 ADQ).

HR= S SO0 63ADC) °

(3.10)

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

SHR*= HR

2 2
58 °s . 3.11
S + 5 (3.11)
3.2.6 Signal-to-noise ratio

The signi cance of a detection is characterized by the signal-to-noise 18N&( We
calculate theSNRwithin the entireTgg duration of a burst as the absolute value of the
uence divided by the uncertainty related to the measurement (Eg. 3.8):

S
Sobs

SNR=

: (3.12)

We de ne detections witlsNR 5s assigni cant detections and those witls3 SNR

5s assub-thresholddetections. 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
uence Sy of a 55 detection assuming a face-on direction of the incident photons. The
threshold SNR is calculated according to Eq. 3.12:

CGRB
SNRn = P

CORB+ CBGD S (3.13)

whereCBCP s the number of background counts during Tag duration of a GRB, es-
timated from the lowest count rate measured near the eq@R6P( Tog 120 cnts),
andCCRB is the number of GRB photons detected during Tye The latter is computed
as an integral of a typical GRB spectrudg multiplied by the DRM over the energies
of the incident photong&P", the energies of the detected couBf§t and time. Assuming
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that the GRB intensity is constant in time, the integration over time is equal tdgthe
duration. The DRM was simulated in discrete steps, speci cally, the incident photon en-
ergies were simulated in rang®"= 1 1000 keV with a step obEP" = 1 keV, and the
detected count energies were simulated in the r&fje= 0 255 ADC ch with a step

of DES"= 1 ADC ch. Therefore, instead of integration we use summation:

CORE = Too § Ne(EIMDEP" § DRM;(ES™ EP")DE™: (3.14)
j |

In Sec. 4.2, we compare the calculatgg with GRBs observed by Fermi/GBM. There-
fore, we compute the expected GRB uence in the same energy ranges as Fermi/GBM
provides, i.e. we us¢= 10 1000 keV andj = 50 300 keV in Eq. 3.14. Similarly,
because our CubeSats use different low-energy cutoffs, we compu$g,thedividually

for both. We usea = 54 255 ADC ch for GRBAIpha and = 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): .

_dN _ E (a+ 2E
@ " Tookev &P

whereA is a normalization factor is a power law index anépeaxis the peak energy

of the GRB spectrum. In order to nd the threshold uence, we &endEpeakto their
typical values (Tab. 4.8), and adjust the normalization factor sosSN&= 5. Finally, to

get the threshold uence we multiply the integrated differential photon spectrum by the
typical Tgg duration: 7

Shr= Too  Ne(Athr;@; Epea dE: (3.16)

Ne

; 3.15
Epeak ( )
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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
GRBAIpha and VZLUSAT-Z CubeSats. Fifteen of these events were observed jointly
by both CubeSats. All of the detections were con rmed by correlation with light curves
measured by other missions mentioned in Sec. 2.2. If the transient was localized, we also
veri ed 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 ares. Few ashes
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 theTgg duration, peak uxP in two energy bands, uenc8&in four energy
bands, the ratidtdR of the uence in the two lowest energy bands, and the SNR at the
peak time and during th&g. The light curves of all detected transients are presented in
Appendix A.

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

1GRBAIpha detections are regularly reported at https://monoceros.physics.muni.cz/hea/GRBAlphal.
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 GRBAIpha 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 GRBAIpha 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.

GRBAIpha VZLUSAT-2
ch0O chl chO 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 are 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

GRBAIpha has detected 131 events in its rst 37 months of operation. 126 of these were
observed in the past 21 months which yields one detection every ve 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 GRBAIpha 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, GRBAIpha spends around 40 % of the time in high background regions of
the Earth's radiation belts. The eld of view from a 550 km LEO is approximately 8.8 sr.
Correcting for these two effects, we get250 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 ares increases as the solar maximum is approaching. On the other hand,
detections of soft gamma repeaters and ashes from X-ray binaries are sporadic. The
most successful month for GRBAIpha was February 2024 when it detected seven GRBs
and eight solar ares, i.e. one event every two days. The busiest day was February 2, 2024
when GRBAIpha observed one GRB and three solar ares. The minimum time between
two subsequent detections was 42 minutes between GRB 230709B and GRB 230709C.

VZLUSAT-2 has detected 83 transients in the rst 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 ares are among the softer sources, as demonstrated in Fig. 4.3
and discussed in Sec. 4.1.2, the higher number of solar ares observed in the rst 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 ares 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 GRBAIpha (top) and by VZLUSAT-2 (bot-
tom), and the amount of data downloaded from each CubeSat (black curves). In case of GRBAIpha,
we observe regular detections since August 2022. This time corresponds to a satellite rmware
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 2022023 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 speci c trigger time, therefore, on average we have much less data downloaded than
from GRBAIpha. 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.



28

ISCussian

er 4. Resultsand d

Cha

EVSEE 9T 10T 9L 5610 SEEL Tovso 997t 52289 LY 812VE oo J96SE 56T T9°'602 19'TZ 62'ST2 Wh0 88rYSYIer-€0-€20z 0T g 0 982€0€T 9UD
+£0GEE 9ve 62T 4§90 .190 a0t 820vLT vELOL T0S.T P SvTs9 e LWI0T ££'8T /5'9€C 92'6T 89'€VZ TYo:  g9zierTc0z€0€20z 0T g 0 902€0€T 9O
+BTVEE 5562 806 999,667 S90EE 68E6G00T  SEOlC.E/0/EV6  Sages,9TOE099 mmwm 89YEST ZEE6 S VLYS 9€'26 18'0026 P 8 TTYY'ST L0-€0-€202 0T 5 0 V.0E0EZ 8YO
«LTVEE 88 zs vES6TT o€ eIy 8488 9661y 8 zs8zT 3048 vvieT LO¥T 80'EL LT'ST €L°€L 8'08:0V:€T S0-€0-€20 0T g 0 VS0E0€Z 94O
+B6EEE 882 z8T wﬂw LT B8LIT 2T088T 8t} [2T898T reL etooet S Y189 6'€Z 85 VEY 6v'vZ £8'TEY 8'8V'SEVT ¥0-E0-€202  OT vs 0 9Y0E0EZ BUD
+E0EEE 892 ZEeT 8 g0z LI STBELT ELL8 geBTLT 855 .5oaTT SLrs 90695 6v'€2 0'60€ 05z L2118 8V:0V'v0 L0-20-€202 0T vs 0 92020£Z 8YD
E12EE 95z 18 9oL 6voT ey .6T68EE oree Lvsevy L9801 yosess reSel £qv9e 0'9T ¥6'8ET 8T 6T'GYT 8'20:LV'TZ ¥0-20-€202 0T g 0 9v020ET GHD
(EVTEE €5 €5 ge 16T £EI8 Lv'SL vt vzol €08y vTov 9BC 2T 6T'ET ¥2'0L YOVT L¥'SL 0'€1:22:00 20-T0-€20Z  O'T S 0 VZ0TOEZ 94D
820E€E g8 16T 800,980 £028 20LeTe o a1 TIEETT 958 £vose 897 8®STT 86'vZ 82'S6Y 15'92 80'T6Y 8'8v:22:21 9021-2202 0T g 0 9902122 949
«T662€ 9t TE veo,TT B08E £L16 IFIE 1268 08¢ geor 8t yoey L8TT LT LE 19°2T 90°0% TOT:22:80 /2112202 0T 5 0 V.ZTT2Z 84O
+L162E ze o€ 8 vee 9cce £815 g8l 68y vert o6e 88ET 8oLt 69°2T L2°9¥ ZVET 26'SY T'92:€V:20 22-11-2202 0T s 0 VZZIT2Z 8u0
£562¢ zve vvT A govol £16612 5180 81BSTE 359 e6EOCT ,98500T G6'6T 28282 6902 52'862 T'SG20:ST 61-T1-2202 0T s 0 V6TTIZZ 81O
+LE6ZE Le ze qmmm 58T SERIT TOvET 8l £6T5T Beeet 960rT mw%w 60T S9°ZT 62°07 VE'ET L¥'8E TV0:8T:90 2T-T1-2202 0T I 0 VZITTZZ 94D
+LT62E TYE 92 200680 oo 662219 POrLC 1G0EEY arevl 881862 L BBYEE £8'vT 8Y'CIT 98'ST ZETT T/5'G2T0 L0-T1-2202 0T S 0 V.0TTZZ 94D
0682¢ 66 T8 Lo 26T 802LT G190L 3%t 98959 eoLs T9TEY Eraaeraerad 599125 96'9 98'8G L'lZ'50°T0 62-01-2202 O S 0 V620722 94D
Wv8ZE 192 0'6T T8t 518 £69502 15358 yT266T S35 900,21 CEST 800TL 69'8 80°'S9T 26'6 82°0LT L'TT:95:22 22-01-2202 O g 0 §220T2C 949
g182¢ vvT v'6 EL0 560 19538 1197 Eets senes 1I53€ 90e9e 65558 vrose vL'9 T9'E9 82 §529 L'65'€2:50 02-0T-2202 0¥ 5 0 V020T2Z 849
58928 Lr169  weve  WS.ere 42308 toyregoe  UISES ereosTs USRS cowssioe  IOYOY e@TTSYT  ov'v989'666ST  vIVL OV'EIRTZ o v'TS:02I€T 60012202 O s 0 V600T2Z 819
zz9ze TLT 6€T 99,690 Brese TTEY9 BLD8E TT8Y9 8SILY Jevae €e8Te zoese 86'9 TT'L6 121 TTS6 R0 Z'ST9EIS0 12602202 O s 0 V.26022 84D
1812 £y £y et zee SE9% 2818 T80T TT00T s 8TEL 59t geee £1'9 £5'92 £6'9 SV°0Z oop¥,00  ZTZBEOT 92602202 O g 0 9926022 949
6292 86 zL @o2Lo €800t 185 TEOOT z66EE V8oL 2a8ET 6188 81261 119 2E VY L SrLy o®0: 8TVETIS0GT60220C O S 0 VST602Z 94D
+L692E 69T 0zt oo .880 HEel 1vees FLel 22298 288 cou6e scre Gvesy 126 5L°0TT 1G0T TT'€2T VewD:  v0SLET 62802202 O€ S 0 V628022 94D
+9692€ £9 8v £E0 870 £0%8 881 g8%8 zeust 9808 909 1088 219zt 20°L ¥S'EE ET'6 viLE 90 v0zTZ0T92-80-2202  0°€ s 0 9928022 94O
9v60E 8ze g1z %9862 Gcovl z6zsee LTI zomise 1658 9tovTe W 1toes S0'6 80V6T 6T0T ¥5'822 9o 0ve6siS06T-0T-T202 O 5 0 V6TOTTZ 849
Sv60E 558 Toz  $06or  SEIOY coozevT  S5RSY..cBOSYT  govoc 582568 1689 pyrTeS ¥S'6 6T°6vC 186 92952  FCyar  Ove6eieZ 8T-0T-T20C O s 0 VBTOTTZ 849
0v80€g ZvT v 180 voz SI¥L 2eT0T SET 9002 vall zeet 808 a9 G1'9 9T'0S v'L £E08 S%,0:  0'6T:EV0T 60-60-1202  O'F I 0 V6060TZ 94D
1690€ 90v 608 53 89T BToeot 262ese  SOpadT ozeeve  CLBOT possTz 9 D3s ca8eT £5'ET 29'8TY £5'vT ST'6TY fr 0'92:81:60 22-80-120Z O S 0 VZZ80TZ 94D
¥290€ < 0L - Sv228 < ZETYTT < vT568 < 8TOVZ < 29% €01 S LTvy ¥9 <  000:90:0T L0-80-T202  OF 5 0 V2080TZ 949
- - - ud o o o S/1Ud S/Ud S 21N S ‘yd oav
ounoo  PhiNs  Eins oH OQVSS2-0UIS  OQV /ZT-0UIS  OQV/ZT-P9US  OAVEY-0US  OAV/2T-0uld  DQv §§z-0uld 061 auwi ead @@ oo jouueyd aureu

"90LEN JOLRI0GY Jomo| apinoid Ajuo am UOIDB1BP SIY) 10} ‘BI0alaL | ‘pPaleniul 81aMm sjuswainseaw uaym Buiobuo Apealfe sem 'v/080TZ 9HD ‘Pa1oalep gy 1sI AIdA 8yl 40M Sy} Jo
loyine m:,mmn patedaid a1om X1I21SE U YIM payJew are YdIym sieinaiid NOO 'T°€ *09S Ul puno} 8q ued spueq AB1aua ay) Jo uoneur|dx3 "pasunouue sem UONISIBP Sy} YDIYM Ul 1Iaquinu 1ejnasid NOS ayl pue
‘pueq DAV 22Z1-0 aypw Bunp pue awn Yead syl e YNS ‘spued ABIaua 1SaMo| 0M) dY) USaMIS] BIRR) SsaupJey ‘spued ABJaua 1uaiayip Jnoj uigpuan ‘spueq ABJaus Jualayip omi Ui d xn ead
‘uoreinp 06uonaslap aup o awAyEsEfiErxe ‘Yoo ABlsus-mo| ‘erep syl panbae YoIym [auLreyd Ino-peal eydivay D ‘auwreu gyo :ae suwnjod eydivayo Aq paiosiep sguo 1z 9|geL



29

ISCussian

Chapter 4. Results and d

+L6VSE 89T TL %0 £eT SoTST 8vieve  L3Sor 98viSe ool 69291 TIS0L Gees, 8%T ¥6v0T GZOT 9TTIT  oubd®  L'9S:9E:00 90-T0-v202  O'T s 0 V90TOVZ 84D
65VSE 62 vy 439 80T 8L 5509 282 029 Ty b 6661 0T 029 vE'9T §5°09 SR,0°  S€ZGETTOTONZ0Z 0T vs 0 OTOTOVZ 8¥O
«SZYSE 59 S oo 80T 19vE 81591 CE zz8oT oLt 6518 SL5¢ 6108 €521 9295 80°ET 902G WEO0  0V0:92:,022-21-€202 0T vs 0 9222182 949
08ESE sy 59T 200 v 49008 ozueTy eoes ,609TOY eeY T9gCee 14083 8ig6.T £1'62£5'€2 282 LT'12Y OB 9'9Z¥606T-2T-€202 0T S 0 VSTZTEZ 94D
. . T - 18T P 502 P SLYT . 9L¥YT . . . . 0- . o R T .
<60ESE 9v o€ o 88 4872 1956 ya0e 1556 vt 029 LY 18z 2T LTSy 80°ET ¥S'Er 91600 §'Gri62:2080-2T-€202  O'T 5 0 V80ZTEZ 9O
9E25E 806 9'9v 0o .9eT £88 201268 S48 998v88 £et 8001 TS 9®BvLE 18'8v£6'8L2C T'6v ££'8822C 9b,0:  06T:OT:6T 62-TT-€20Z 0T S 0 062TTEZ 8HO
Zese LSt £0T 810 620 8880 1v555 vess 2rees S sesee S1E8 5662 GELT8Y'BLT 9Z'6T £96T W0 60Z¥TS0.2-TT-€20¢ 0T 5 0 V.ZTIEZ 84D
B6TGE 0T 66 RANH 6e10¢ sguse cesier S80sE Vil vote 808 SrovT Z9'6T EV'E6T v'0Z ZE'66T RO 80T VITSC-TI-EZ0C 0T s 0 VSZIIEZ 8UD
AE6TGE ar LYy e st 3% 61229 cres £1ov9 EEE £oToe Vel 60612 9G'ET €79 9v'vT T0'99 L0 L9U8eg0ve-TI-E20z 0T s 0 VKZITEZ 8D
«TSTGE 85 8y T SviT G098 ,9808T gLer soo0LT 8% zi0zT veSt geoy 8E'ET ¥6'€9 95'vT 20°€L 1900 pesoTLT8I-TI-E202 O I 0 V8TTTEZ 94D
G60GE 9.1 gvT 10 v610 vost 1G52E oL 99608 &zt TSt oLl 1%sT 86'0Z 99°'60€ 6922 1G'G2E OM0:  £6T:€0:€0 LT-TT-€202 0T I 0 VLTTTEZ 94D
8667E LS LS 39 8T Sert 168 Lt 88l cano 8LV 038 9a1e L9ET 8T'8L 95vT T'68 19,00 TTO6TTZ90-TT-€202 0T g 0 990TTEC 9UO
£T6VE LYl ZoT 69 98T v1e8 9svvg o 80818 oo 66TES HELE 6098T G8'9T 6E'TLT SGLT L0'6LT who  L02:856T05-0T€202 0T g 0 90E0TET 9UO
. . 200 . T2S.T G297 €966 1G20T . . . . e . N Ter AT - .
«0S8YE 226 eee 90wr0  [SBLT oomeerT  SGAOT woeceTT  E28° cemosv §559% /119 €98 5'602T 6905 9,'6T2T  'S%®:  0'80'TERRTSI-OT-€20¢ 0T g 0 V8TOTEZ 94O
ZTIVE 1'vS €0z 100 . 2LTIZT TCETT TEV8 €089 . . . . g . e o0 —A)- .
. £00 ST ¢LICt zoToos  LSELl ovsTSs eve zeose £089 1@00Z Sv'vZ £2°56Y 9T'SZ S6'2TS Iy 8'Z:€5L0TT-60-€202  O'T s 0 arTe0£z 949
99vE VT v'8 617.0 zee S6TL 0698 8129 ZSBI8 1514 £E8Y . . . . Ve . oG —RO)- .
< 8v0 e ot ey ovor S22LS ee8y o01ve 8.1 18'8YT L9°6T 2v'8yT S vISSTY0TI60-€202 0T s 0 9TT60EC GO
wLVOVE 6TV 802 800 91 S99 18162 coo8s 10ETGT oSy SYIVST 108E 8306 6592 G2'VSS 9/ 9'GSG 19,00 VTZTYOT 80-60-€202 0T S 0 V8060EZ 94D
. . 100 . LTT9T €6YST 6126 90T . . . . 4% orRT Q- .
06SVE 652 69 400 580 L9 cemose SRFST Jo1goe (STEC avoesT roNer SOt £6'7T LE°€0T ZS'ST L£50T  CUBET  §2S62:9182-80-€202 0T 5 0 V8280€Z 949
£8SVE 862 (¥ A vezel eevose veTLL 268628 SEEL 800YLT s F®SST ¥8'8T 9’582 62°6T 62€C ¢lED: GETISTIST L2-80-€20¢ 0T S 0 V.280€Z 94D
. . f20) . 1829 €EBS €967 86€ . . . . 4% . SR Q- .
<ZLSVE zL ze e .set 4923 oT66¢E CEes o6 ooy 152 oSt £t69T £2°€T 992y TTYT 9T'9% Sho SvyieeeT 92-80€202 0T s 0 v9280€Z 94O
«TOZVE 58 58 oL 60 Vet TTLST EovEr TLEeT SL25% 802TT VOEE 20ee ZUSTTLEET 8T'LT TT'LST .00 TOZ:BELT 60-L0-€202  O'T 95 T D60L0€Z 4O
«002VE 86 S5 89 coe el 21BTE 93Ir seee 4LYE oeve ol J66L 6E7T 60'6L £0°9T 2828 100,00 Z'STI9G:9T 60-0-€202 O’ 95 T 960052 8HO
660VE 80z T0T 410 o1 oL 192621 e ,20.2T ey 29zLL veor voesy TE'6T 90'S6T 8212 86'76T v T'6Z0EWT 92-90-€202 0T s 0 V9Z90£Z 81D
86EE rey g6z oo 9T CLBEL cosove BEeL Te18eT 990 J2TovT 6Ll v0068 ¥8'82 22 'SEL 8€'62 82'0G. h0o  §Ze0T:0T ¥1-90-€202  O'T 95 T OVT90EZ 8YD
+LT6EE 99 99 T 9T 3191 8v00T 5026 0676 e 8185 LEE yoe Zr'vT 9676 £2'ST 8¥°00T W0 9LVESS0r0-90-€202 0T S 0 V/090EZ 94D
«5L8EE 08 ey oo 98T o8 66l 88 289 e vy ol vaee £LvT28'€9 £V'9T 62°6L S0 0VSETSTEL-S0€202  OT g 0 9£250€2 94O
+S06€€ ziy g1z 9990 691 S99 ZEBEOE  gohnY BLEVOE r 0 L6E06T Ot ZEETTT 8092 87'695 8'92 £6'285 9D TSYYEE02e-G0€20Z 0T 95 T VZZS0EZ SO
AS61E€ voT 62 o L6 TCBET seuse 6Evel S18TE E880L L6¥5T 2458 8Tv9 GLSTLEVET 89T 22'L2T YeS0:  £1v:.2:9021-60-6202 0T s 0 VZTS0EZ 81D
ATT8EE 62T LYy 19 9vi0 G6ETY 90BL2E  LCESC TUBBZE  Sopr £2VEOT SYSst 6tesee ZE02 ST'96 6T2E 86'STT  JrgeE  Z0STZTZOI-G0€20Z 0T vs 0 90TSOEZ 8YO
V6LEE zy TE 6841 g2 e 25682 $328 z62VT 4888 JSELT ey SE69 v0'ZT 86'9€ 1821 6v'TY VoS0 ZTE902T 01506202 0T s 0 VOTSO0EZ 81D
- - - ud o o o SAUd SAUD S 21N S ‘Yo oav
ounoo  PhiNs  Eins dH OQVSSz-0UIS  0QV /ZT-0UIS  OQV /ZT-P9UIS  OAVEY-0US  OaV/2T-0Uld  DQV §§Z-0uld 06¢ (0Ln) awn xead dey oo jeuueyd aureu

"eydivayo Aq peraiep sguo :anunuod 'y a|jgel



30

ISCussian

Chapter 4. Results and d

ELE9E v'8T 8 400 250 obe 2996L 8558 608 10 6082 gr Jevvs 9212 62421 6022 8€'82T hp. LveTZeT 0sv0r20Z S0 s 0 VOEYOYZ SO
0GEYE 5L ¥4 19 6e0 bt ZTIGY $E58 viTey 6637 ceueT 4533 BIvSE 16'8T 9Ly Sv'2Z SY'OL 3B vITTZ00SCYOVZ0Z G0 S 0 VSZr0vZ a0
+6929€ 10T 59 30,20 o 1258 e ss L256T LoLr STBYT SLTS TovT £'62 T0'V9T v9'L2 S6'8LT 98,00 9'€5eri60 TZ-¥0-¥202 S0 g 0 aTZrore 949
+8909€ 6S 9¢ oL L EEIE: 1> RRARET> See.TL8e Vil vo 66T L20L 6v°02 ¥5'LL hs  66SVTOTI-VO-v20Z S0 S 0 VITVOVZ 94D
+2909€ 58 LE 29,840 9096 60gES L8 vut9 828 £s19z 9902 519gE 5581 69'89 62°6T 6,99 0% 8'E00T:00 80707202 S0 s 0 980Y0vZ YO
#S09€ 99 ze o zeT i evevy 8358 BeLTy Sors y0ZTZ oobE LEELT 88'0Z £'99 99'€Z YLEL Q%@ g8EL0STS0V0b20C S0 s 0 VS0v0PZ SMD
+9E09E 8L £t ¢l s6T SLYST 89708 63T 9oezs 1287 £1919 gcs 26902 S9'8T T2'T9 6'6T 8569 3peo:  0'€5:08:50 20-v0-vZ0Z S0 vs 0 DZ0v0re 4O
+GE09E 89 82 280 89T 9L Bs8LT S8 Tozoz o 69291 £39€ 9016 6502 59'85 £8'€Z ¥8'VL VR0 £6TSSEZ TEE0H20C SO s 0 VIEEOPZ BUD
+L66GE 09T v 0 v TESE vr18s e L9995 vore 99292 red sete 99'€Z SSVLT EEVZ YO'VLT Whe  110€vTZ62€0v20C GO S 0 V6ZE0VZ 94D
685E vL Ly v 85T 358 sTvos 0089 seeoy ¢S rv8e veSr L68LT 8122 ¥9'70T 99'vZ TE'TTT 8hm £'eeL0¥T 6220v202 GO I 0 V6220V 94D
+L285E a4 6¢C vLo v 989 26EVT eoTE 68VYT Srit 0s8 BPIC 6965 S9'8T L6'7S 62'6T 9825 %0 960:€E:6T92-20v202 G0 S 0 V9220vZ 940
+208S€ 55 62 £e0 8800 ESEr 20v0T aogr 2rsoz Sre 86501 L1908 66TT £02 ST'85 86'22 0'€9 8980 9'9EI6TS052-20-v202 S0 ] 0 052207 949
+26.5€ 09 Le €80 85T veTE 00T TioE 986 9% 08 vt £80e 9/°8T 6869 00z 1208 LS 608TS8022-20v202 S0 g 0 v22e0re 940
«ESLSE £8 8L £l vz 155L 16581 vees £TTOT e £evTT AT £5'922L'L02 16'82 6052 s 6204S0T9T-20v202 SO s 0 V9TZ0rZ 8MD
+261GE v'ee 96 609 6600 L6TOTET 319 soveet SPLE Bowvo agr Tres9 121261892 £v'82 91'192 NEw:  B'BYITS6T ST2Z0v0Z S0 g 0 95TZ0ve 94D
GvLSE 982 96 et T 9G5€92 6r<ol 186292 $E00 yeosyT 3680 SEVTT §'82TL VI 99'62 VT'LL2 hio:  Z8rIT0ZET-20v202 S0 S 0 VETZ0VZ 94D
6V95E T8 L 560 wee vLYL 66968 aLEL So0v 4918 60.2 bLYE atet 99VT ¥ v ¥6'9T 6099 Veep:  gSrETST8C10ve0z 0T S 0 V8ZTOrZ 94D
+579GE 99 LE SLE 48 Vi 6LYS 6Ty 928 . Tzee £ee s6v 80°2T 6T'v STET 6175 OM0  9'6G:vE60G2-T0-v202 0T 5 0 VSZTOPZ 84O
+EVISE 0Vt 6TT FAA BLEC 6L9E LOEC 0E9E 6Leel JT0z LT ovatT 8'6T TE'SET 1212 £2'9€2 PO GOSZUEC €2-T0-v202 0T vs 0 OEZTOPE YO
+8295€ vy ze 0 201 0% £vIoT b2 £699T Loy 1298 geoe 2108 LTI 6562 SLET L9V kD S0S.0TTECTOV20Z 0T s 0 VEZIOPZ 8YD
£0866€ v'SLT 0'6E 100 80T Saocc 62088 SSUIC BOBIBOE  oouir.E6OSTET  ICibl y®EQLT  L0°TvYEOVIT £2°€V 1’2891 UE®. 8TCEVTO8T-TOW20Z 0T I 0 V8TTOVZ 940
9ESSE 62T 58 00 80 ey 9Ty T Se £8TTY 08¢ opreT e 60912 60°9T 2L'9ET 8LT YEVYT WEO  TSZLELTZI-TO-VZ0Z O vs 0 TR A=)
- - - ud o o o SAUd SAUD S 21N S ‘Yo oav
ounoo  PhiNs  Eins dH OQVSSz-0UIS  0QV /ZT-0UIS  OQV /ZT-P9UIS  OAVEY-0US  OaV/2T-0Uld  DQV §§Z-0uld 06¢ (0Ln) awn xead dey oo jeuueyd aureu

"eydivayo Aq peraiep sguo :anunuod 'y a|jgel



31

88 ze 800 210 538 0ve9 L8 vsT9 & TreS £18YS Zrerese 80°ET SLbY T8 voviseis090-2T-€20¢ 0T vs 0 9021ET 4S
zy €2 g0 180 158l 50991 o8 yoBET pi ooy 60T 85TT 8£'92 12T 9v'9E W0 TSEYZTOV0-2T-€202 0T vs 0 v0ZTET 4S
TET 09 o0 6T0 gere 0196 988 16126 S8t SewsT 894l Jarts 95'ET $0'Z8 ZevT 188 S0%10:  0'8TEETZSO-TT-EZ0Z 0T vs 0 S0TTEZ 4S
012 00T 200 .re0 168k 110181 vo%el 91181 0% 9eway SODAL yaveT £T'6T £7°06T 88'0 16'66T vee:  80T1:22:2T 20-T1-€202 0T vs 0 2011EZ 4S
9es €9z 100 610 19901 96z62y 918 vossey Eer 0569 S8 cese £9'0€ 5908 90°'TE L£'9T8 b £12:€2:€010-01-€202 0T vs 0 T00TEZ 4S
TST 8L 8.0 e seusL LY TvioL 80Er o1BET 4VSE TeeTS 62 LT ZTVET 6v'6T £8'SYT I TEV0SISTOT-60-6202 0T 95 T 9T60€Z 4S
et gL 2036010 S08L r0689 2240 £1099 T TTSS 8828 29509 69°LT 60'62T 29'6T 6€'62T B0 ¥LT:20:wT 90-60-€202  O'T vs 0 9060£2 3S
¥4 g9 395 poo 09 ZTEQZT PIreS £8062T gGee BV arioL zeavet £0'ST LS'v6 9v'ST 2106 1089100 $95:v5:9020-60-€202 0T vs 0 2060€2 4S
08 01T 100 510 S esC ,65TET S50 yI60VET e SBLLT 5Ll £AEITT 12V2 L22TY 152 86'90Y whe:  £60:0£2051-L0-€202 0T vs 0 ST.0£2 4S
98 €8 800 1010 el 820/8 oot z81e8 €229 sewe SLETT Jvis) £0'LT 98°0VT Y9'LT 6G°TYT WL Z'GE0WO TT-20-€202 0T vs T 112082 4S
£06 8z 100 p10 Loore 9901.5T e aee I819€5T £600% £1£G6T bTIel qeeseT £2'62 18'92L 99'62 ¥S'TEL T8 £eel290.0-20€202 0T 95 T 102082 4S
T8 0 Lo 2o 85588 601779 518 80059 88 .£80T s YTOTS 8VTvL'EL 28LT €5L B £12:9T:8061-90-€202 0T 95 T ST90EZ 4S
ziz gL £00 510 SeEoT gessLe ST 2909 5958 6059y reoel ITvie 0'ST6TOTT 9v'ST £0°60T 1% 0TeETerEzS0€eoz 07 ] 0 £250€2 4S
00zr 959 39 .ec0 o 0269881 VEreel LveBTe8T 200 £28089v  ‘OREOT SalvevT  TLL9.9Wvby 629 89VEhY Ve  TOvTS€060-60-€20¢ 0T vs 0 605052 3S
ozy 82z £00 150 S850¢ 88E6.G yeost 2vosYs 8eo0T 68028T golel ezvse §/265'529 1082 28'729 B Z00'80ET TO-S0-€202 0T 95 T T0S0€£Z 4S
ver 6€ e 290 vLTe pT08 Sove 2LiEe Y 9sEse V13 £6595 0%T 90'VS 02T 60'59 o P V6ViZE90 LT-¥0-€202 0T vs 0 LTYOET 4S
0L g Lo 810 POl 61992 SLTL 61112 539 16TV ES: o €821 9L'EY 80°ET 88'LY oo&I0:  8'9T:20:90 ZT-€0-€20Z  O'T vs 0 21082 4S
6L ge 590 go0 TO501 £TeS ot I85.S ooy 18T It Gosss 8821 2V 6V SY'ET 18'9Y IO 8'85'Trizz 80-€0-€202 0T vs 0 8020€Z 4S
zog T6 £00 9010 Leare 1599y CIIEC 2005 Srll 66792 LB omsey 6.°9T /5'2ST 2L LT 2SSt $0%qm 865 viET 220€202 0T vs 0 222082 4S
8oL 0.1 A £ T (9596 Quel TTov.6 oval 808801 orLl £E998 85'EZ 28'66€ S9'ST ¥LTTY 0B 8LS'SYISTTI-Z0€20¢ 0T s 0 TTZ0€Z 4S
L9 ze %98 o0 s £8oTE 1608 2Lv0E 3008 95T 9918 Lavze VEET 52y £5T 9'TS Sem  geLi00:€00T-20€202 0T vs 0 01208z 4S
m 08T 6€ S0 £E0 geLle yest6e 28T evovLz SELOT peB99 0¥ amtoe VEET 65'TS 6v'vT €529 %089 cvreTI8T622I-Z20z 0T vs 0 62212 4S
3 zL TS 10 .200 088, TLY0E VIEL 2voze £6%¢ g0z Py [£1567 6v'vT T6'EL 8591 Tr'e6 Pe%10:  TZUerETTI-TI-220z 0T s 0 OTTTTZZ 4S
w 6L L 88 poo L ITE69 votel 10g9. vost 2viee SEL6 bracs €8T ZTHT 69°02 LO'6ET &Y TeEeeSTITITI-ZZ0z 0T S 0 qr11122 48
m o1 ve 400 6010 9248 wruvL 0628 28108 Poea €9 bkl 2wyl YO'ET €SV 92'ST 19'TS SBpor  TEVPSISOTI-TT-2202 0T g 0 eTTTTZZ 4S
.m TL z9 P £ 155¢ 50Tee reRt ssove oL 1eete £6'9 90°EY 6E°L SrEY Ve%,0:  £62:€T T ¥0-60-2202  0°€ ] 0 06022 4S
© 59T £9 00 900 TLBET 188821 HOLT 6soTeT rLh vSEL 0T £SLETT 209 ¥9'L€ 159 LTOV 99%10:  0'8£:80:009T-80-2202  O'p vs 0 918022 4S
2 562 78T 200 600 Eveel zoTiey L3591 62206¢€ 8088 zonge Toger gesTse 598 92°95T 86 Z0'09T ve%e:  0'90:SEVT ST-80-2202  O'b vs 0 G180z 4S
)
% - - - o o o o Spuo sAu s 21N s Yo Dav
o . _
< ®yns G dH 0av §52-0 UIs oav /ZT-0 uls Qv LZT-¥9 uS oav €9-0uls oav eT-0uld  OQv ssz-ould 06 (o1n) swn sead e yomo louueyo sweu
)
2 "T°€ "09S Ul punoy} aq ued spued ABlaua ay Jo uoieue|dx3 ‘pueq DAV LZT—0 8y} Ul 98py) Buunp pue

Gowin yead ayi 18 YNS pue ‘spueq ABIaus 1Samo| OM) 8Y) USaMIaq BRI SSaupJey ‘spueq ABIaus JuaIayip Inoy uigusan ‘spueq ABIaua JuIagip oMl Ul gxn ead ‘uoieinp 08uonoslap ay: jo awn yead
oy 2.nsd¥Re ‘Yoo AB1sus-mo| ‘erep au painboe Yalym [suueyd INo-peal eydiyayD ‘uonusauod Bujureu gyo o3 [edjboeur aureu :are suwnjod “eydivayo Aq parosiep sare 1e|oS ('Y J|qeL

h



32

ISCussian

Chapter 4. Results and d

8e vy r0 890 8529 oseze S OVBTT cond 8068 coor IeT 6502 29°'T6 SE'TZ 29'68 &6 YOVITTLTSZV0-v20Z S0 vs 0 G2Zvove 4S
§.T 5 400 L0 238 68001 9EL8 soeoT ey 18628 S8 £6969 86'22 25'92T 26'52 65°9VT S37TS  6',0'GS:€0 TT-v0-v20Z SO g 0 TTYOVZ 4S
€0z v'9 £00 900 0% 525601 S8%L 6OBTTT 980 219 e LERS0T T'€2 80T SzvZ €5°8YT 0% 020:922092-€0-v202 SO ] 0 9zE0ve 4S
9z T6 £00 220 LB 682ese 6580T ,98LvSZ 8585 0zay 5008 45802 89'92 9'TvZ zl2 90ve 233 VTSS90 b2-E0-v20C S0 vs 0 vZEore 4S
A 8 200 00 viTel Tuely I8ELT 6esosy 8088 s1912 SIITL yivey 88'02 89'66 2812 5'86 Y0%am  ZvEilTie08T-E0v20Z SO vs 0 8TEOVE 4S
g'sT LYy 0s.1E0 £<90 pe10zT LE80T J1vveT 808 9eeee o1Ee Leeve 00ZST'E6 8,02 9576 81 STZSKB0TT-E0-v202 SO vs 0 TTEOPZ 4S
zeee 0'se 100 £vi0 0% 18V08T. 488TL 8016808 L850E L8BEEVT STTer 2659 12'5L 126292 99'G/ /8'6152 336eg  6'8T:60:2TOT-€0-v202 GO vs 0 0TE0VZ 4S
6502 €16 80,20 LO058C STBTS06CTY  poibl VESTLIBZV  poveu.BOLGZETL  Lio0C G@GyyiGE  0'96T/8'/.06T  90'96T ¥E'Z806T  '40Q8  v'60:62:22 22-20-v20Z SO g 0 9222072 4S
56 g o020 9eLit ossee vLOSC Levsee LT T.e88 oL 6T0LLT vv'8T 599 66T T2'L9 6ca 6'6€0V:02 22-20-v202 S0 g 0 qzzeove 48
955 81T 108,200 8246 9v1905T £3C8e 188YLYT 6331 L00TOT 8LEEC BAESET 65'0€ G5'29€ S0'TE £6'09€ &80 611:629022-20-v202 SO vs 0 ©ZZZ0ve 4S
6'v2e 862 89,820 LraL S6TL6ZET Lt ST109gET SEEre T62TT6C 16052 ZDYTHOT 6'29857/8T TZ'€9 £'T88T QL%e 6'8TISI09T-20v20Z SO vS 0 9T20vZ 4S
zoz LS ) TOISY w1t aoeT 0285T YeEr Je8yT 965t BLTyT 0226552t v5'2Z S6'92T SHD TYTIYZZ 1120202 S0 vs 0 TT20v2 4S
9t 62 50 1r0 g85s STITT cris mseet oave 618 66T 7'95 16’12 ¥T'%9 558,00 072€2T:2001-204202 S0 vs 0 0TZ0vZ 4S
Z19 09 100,20 10 9GBTLTT PLEE oz890/T CoELL I868E Lol 2asToT £5VT 118 £2°ST 98'8L S09ee 62520 .020v202 0T vs 0 1020vZ 4S
715 LTT 100 8010 veLrl Ge5S6Y BLErL 60VE0S 095 T055¢ e 2Ty 82'8T 8Y'v1C 18'8T 25612 Ve%g0:  1'95:G2:8T ¥0-20-v20Z  O'T vs 0 v020vZ 4S
0291 TST 100 6E0 100etS co1z98Y 9008 zzioesy 2RSS £26/9gT oeact 6EEIVE 6v'TZ YOvZE YI'ZZ BE0EE  gopi9d  6'GELTYO062-T0-v202 0T ] 0 621072 4S
ST L9 WS 00 YLoEL TopLTT LTEL usoTen o5y SG6E el peseeT TT'HT 6E76 9LvT 2r'88 0%i0:  vSYYT:80 TE-CT-E202 0T S 0 T€2TEZ 4S
9 612 108 zzo 2Ll G1vsT9 vieel yes.T9 fo88 zopeTT 80148 05605 6192 LB'ELS S9'92 8£'28S Wh@  TTOETE092-2T-€20¢ 0T vs 0 9zzTET 4S
98 0T 108 zzo Ly Gaeqgor S05LC ,££999T gapos ZVSC0E eLo8T LEEET 98'TZ €282 vE'2Z 68782 YeeIm  9'8E9G:/0ST-2T-€202 0T vs 0 STZTET 4S
0'0g Z0T 800,590 SEETT eey 0TSt Teeeoy ye 80TYYT 9550 semoze £1'1285'22C 6822 TE'612 Whey  GYT:90TYI-ZT-€202 0T vs 0 v121EZ 48
- - - ud o jlite) o SAUd SAUd S 21N S ‘Yo oav
%NS EiNs UH 2QV §52-0 uIs 0QV [ZT-0US  DQV LZT-¥9 UIS Qv E9-0UIS  0aVZT-0uld  OQV §5Z-0uld 06¢ (0Ln) awn xead ey oo jeuueyd aweu

eydivygyo Aq pa1oslep sale Jejos

‘panunuog ¢y sjqeL



33

<

e

9

)]

0

=]

o

n

T  .ozeee 8 ze S ezo  EPE veeve SILr ygeee Soec 69Ty 08¢ paLsT 8021 2T'8E LZET 6vvy  YE,00 8'8TI9ELT TT-20-€202  OT s 0 TEVY+6'0VY0C XY / LT v+ A ST
.m v18ze TZE 19z QS.sz0 584 wvoze L L1191 ooy ZToEY SEES.SOIELT  9TOTTT'S9Z 92T 2£'59¢ S810:  L6E.2LTYI0T-2202 O I 0 VGTZ+GE6T UOS
M 6L2E 8'GT 6,  aooweo  EBEl ocose oLt vesve o8 ye9 oLt weveT £8'2 90'29 62'6 7929 8%.00 L/2TTL0VT-0T-2202 O I 0 YGTZ+GE6T YOS
i)

w - - - o wo o o spud SAUD s 21N s ‘Yo Dav

4] - [

14 ounoo  Phns  dins H 0avSSg-0US  Oav /ZT-0UlS  0aV /ZI-v9ulsS DAV E9-OUIS DAV [ZT-0Uld DAV §52—0uld 06 (o.Ln) awn xead e yomo [auueyo aweu

<

r

“om sy Jo Joyine ayi Ag paredaid alam X1BISe Ue YIm paxylew
ale com_@ sIejnoAID N9 “T'E "09S Ul punoy aq ued spueq AB1aua ay) Jo uoneue|dx3 ‘PasuNoUUR SeM UONISISP U1 YdIYM Ul 1Iaquinu 1eindlid NOS ay) pue ‘pueq DAV /ZT—0 a4} Ul 96pyr Buunp pue awn

@© yead ay) 16 YNS ‘spueq ABIaua 1SSMO| 0M] B USaMIa] BRI SSaupley ‘spueqg AB1sus Jualayip Inoj uigpuan ‘spueq ABIaua JuaIalp OM] Ul gxn Yead ‘uoirelnp 08uonoaalap au Jo awi yead ‘X awn

ainsodx@jyond Abisus-mo| ‘erep sy panboe yoIym [aUURYD IN0-peal eydiyayo ‘duweu Juae :are suwnjod "eydivayo Aq petosiep selreulq Ael-x pue siejeadal ewureb yos wol sayseld ({,'{y 9|geL



34

ISCussian

r 4. Results and d

EVTVE vz ovt  “5.80  TEEVI sgozer  SELL sssect v8es £819 e salL 2522 S5'STE 2T'vZ 98'G0E GZE0EYT 92-90-€202 0T 8y z V9Z90EZ 94D
S06EE 0L A% T 6903 .,9L20E 008 SvT8T 9L ,198T &l vooeT 98'€T 2185 £ST S6'0L SEVPEE022-S0-€20C 0T 8y z V2Z50€Z 94D
S06EE 562 rer BSazr 65l ezemit EEBLE svesor 4089 65206 &Led 681SL 7’02 9T°6.C ¥S'TZ 85'66C SEVEE0 22506202 0T 8y 0 V2ZS0€Z 94D
906€€ 96 80T ord.gr P8CT 9100, J0ETT 50EL9 ESES gewoy ;T4 9v' LT 8T'68T 16T Z'T6T §OT:ZG'8T T2-50€202 0T 8y 0 VTZS0EZ 8YD
906€€ 67T g6  S.zoo  S5¢lwsseor  S30ik 825601 ££58 1180y SLE8 21299 LE9T ¥T'SST 69T ¥E'2GT §OT:ZG'8T T2-G0€20¢ 0T 8y z VTZS0EZ 8UD
+LVBEE 628 rot 98000 I8 ceeovs  LE0CT egzozs  408Cl oevszz  ESEEL siaser 8T'6T YE'70Z IT'TZ v0'€22 §'/T:8T:20 81-G0-€202 0T 8y z 98TS0EC 9HD
20LEE 58T TOT  goo.avo  SEEL ecover 5L ZovesT vy ee88e 322 62986 90T E2LT YY'LT 9€°29T §'02:62:02 92-¥0-€202 0T 8y 0 V9ZV0EZ AHD
20LEE 569 rez D8evo 90T sesveo  ES2FL 850069 EE%S LT2L02 S0t Sy Lv'2E 69°086 9/'2¢ 25'TE6 §'T2:62:02 92-¥0-€202 0T 8y z V9ZV0EZ 9HD
£909EE 12T 88 9oo.vsT Vi<l 9e29T gzl s69vT vre 6168 o5 8US 69T L6'9VT 16'LT 957297 S'8T:TEW0 0T-#0-€202 0T 8y z 90TYOET 9D
+G09EE £l zst  S9%.s01  MOES eevest 928 0vLLT g9Les 0916 ELYS 66158 9212 ¥6'€2€ 022 68628 §'80:T0IST 60-70-€202 0T 8y 0 Q60v0EZ 9UO
+G09EE 80T g, K0.ece  VEELL ezos9 1008 veess 188 s18Y S8 61591 2LST 1T LTT L'9T z8'€2T §'80:T0IST 60-/0-€202 0T 8y z a60v0EZ GUO
06SEE 8ve ger 0ot WL ts16 TEOLL £5¥96 L0886y 8E80 £169Y 6572 TL'8SY 86’72 £529v S'V0'85'6T SO-¥0-€202 0T 8y z 950Y0EZ 8YO
vevee 0602 L9 Q8.evT  I9UEE poovios  GORCE zotsely  SYOIC oveeosz KOSt IBYZ6T  £LV9T9OSOV  29L9 2TLOWY STTPYIGT L0-€0€202  OT 8y z V.0E0EZ 8D
vevee T9TZ 689 Koo T 4BBEC seceves  IRSEC ziestos  [ESST.zTocosz PSSl wetez  TL0L62°0.87 2'€L VOVBTS STT:WVST L0-€0-€202 0T 8y 0 V/0E0EZ 94D
9vZee 0s TE 69,620 oS B8ULYT $035 650ET aoEt 2005 08¢ o6vLT 6927 98'8E 8T'HT 9T'SY GOT:TZ:8T 92-10-€202 0T 8y 0 V9ZTOEZ 94D
gTZee 58 gy SE%.zs0 £t ozss R TEAN L .8ee &S 9668 0ST 9.2, 90°'8T 92'S8 §'vG0V:0Z ¥1-T0-€202 0T 8y z grTT0EC 94O
oLteE L9 9t BSeor %80T zesve E58 veBee 308 8YBIT g 900TT £G'ET EE6Y £6'T 8595 §LT6G9T ¥I-T0€202 O 8y z VHTTOEZ 84O
880€€ ze ve 58,01 242 evest 09 £9B9T YECE yevs v3sr eove 18TT 97’82 €521 SE'6Z STVZeTT 91212202 0T 8y z V9T2TZZ 81O
6T0EE Ss ov  SgSwer 9SO .toove oy 6058 TTOL tevie e BTELT v9'LT S20L Sz0Z LTLL G'E0:TrTZ 20212202 O'T 8y z 9202122 849
z862¢ vy €€ 359,290 goge se189 bogr ezEL cist Jose 9948 zesy 02T 268 Syt £LVE §/262:T202-11-2202 0T 8y z V021122 84D
v062€ z6 19 18,180 TLLE 8155 So8L seues 800 16822 L 80e8T £L'vT 66'68 6v'ST £2°/8 G'9Z:9T'ET 82-0T-2202 0T 8y 0 V820122 94D
062€ L8 ov 8160 053 evues +538L 6939 L8y viee S 61B5E 96'ST 1679 £0'ST TS'TL G'9Z:9T'ET 82-0T-2202 0T 8y z V820TZZ 94D
vz9ze £TC 69  I0se0  SISLL s1sqT OLELL peBTIST S22 6605L g 5%89L £5'T 9566 LT'ST T€20T §'€2:05:00 21602202 0T 8y z V216022 94D
£9v2e 59 zs &S00 S5 6T voxg 26182 Lol SvsL arir Jvete Tv'8T 96'56 G6'8T ¥9'86 SEV60:6T 61-20-2202 0T Sy z V612022 81D
96TZE 08 9  &8.190 ¢b80 £8TTS YLLS £006Y CrLr ovsT ot 20E ELVTTSL9 €V'ST SE'TL §'6€:9€:,080-90-2202 0T v z 9809022 949
G96TE 9vz TsT  gGoevt  SIEET oeoeeT Se0st 20981 Azl £8760T ¢126 989/ ¥'12 59°22E 6022 98'vZE SYTVTYT €2¥0-2202 0T Sv z VEZVY0ZZ YD
G96TE g9z vt S8.0zT  PBISL Zopgor  GYRSY 92229t L1 8Yv06 SLae BLITL T2 17662 £2'22 6£'02€ SYTVTYT €2¥0-2202 0T Sv 0 VEZVY0ZZ 94D
£08TE Sve gve  soousoT  PEEE zeerse Vet 291192 b1 6208ET TS yaieet ITSTT8LT 66'G £6'08T §'GG'6E:70 02-€0-2202  0'ST Sv z V0ZE02Z 94D
- - - o o uo o SAUd SAUd S 21N S ‘4yd oav
oun0o9  ®hins  tins YH oavsSz-0US  OQv/ZI-0UlIS  0QV /ZI-v9uls  Oaveg-0US 04V .ZT-Ould Qv SSg-0uld 06 (o.Ln) awn xead dxe yoo [ouueyd aweu

“}IoM SIU} Jo Joyine

]
ay1 Aq patBdaid alam x1I1SE UR Y)IIM payJew ale yoiym siejnaiid NOO “T'S *99S Ul punoy aq ued spued ABIaua ay} Jo uoireue|dx3 "pasunouue Sem UONJ31BP aYI YIYM Ul Jagquinu feinaid NOS ay) pue ‘pueq
2av 221-0 aypyr Buunp pue swi yead ayi e YNS ‘spueq ABIaus 1Samo| OMI 8} USaMIaq BIFe) Ssaup.ey ‘spueq ABIaus Juaiayip Jnoj ugpuan ‘spueq ABiaus Jualagip om) ul 4xn ead ‘uoneinp
08ponoslap 8y} Jo awin Jeadeitpdxe ‘Yoo ABisus-mo| ‘erep sy} palinboe YoIyM [aUURYD INO-peal Z-lYSNTZA ‘BWeu gyD :aie suwnjod “Z-1vSNIZA Ag paloaisp sguo Gy a|gel

Cha



35

ISCussian

Chapter 4. Results and d

+LGEIE 81z €8 90250 S22 zosstt Ses geeLTT 48%¢ JOETY SLvv 8ez6L 79T 95'9ET 6.9T 88'SET 8 §25'65:00 L0-¥0¥202 0T 8y z V20v0vZ 8D
+ST6SE 8L 95 eo.20 N ooz 3L poBoz E8LI Q05 oo 10622 65T /8'G8 18'ST 1818 Y500 S'€S0:02 £0-€0-v202 0T 8y 0 DE0EOVZ GYO
+ST6SE £s se 59,80 Soor 00T oo 965TT 68%¢ 2192 909¢ £688 LL2T S9'vY 8EET 02 VE.0  §TSV0I0Z£0-80-v202 0T 8y z DE0EOVZ GYO
+£185E vz riv 8.6yt ocsee 459 21866 o8 vS16G g150% 6TLOY EV'EZ 80V LE'VT £8'62F 95,0 G8Ei8TICTE0-€0v20C 0T 8y z 9E0E0VC GUD
+2L85€ TTT o ESeTT  YEESI 695KL B B9STL YL ee88E 4953 omize £V'ST Gv'66 ¥'9T T6'TTT VeSO 5'65:900T 6220202 0T 8y z V622072 94D
+2L85E 58T 96 00010  E2L8 cougeT vt 2095ET 0L Seuss 2989 L189) 98/ TT8°0LT vy'8T 85°2LT Y90 S6TL0WT62-20v20C 0T 8y 0 V6220vZ 94D
+SVSSE 91T 96  ¥0.av0 L eoste S5Lc £o0ze et 8926 0%¢ 2isee 98'LTSE2LT vi'8T 8ETLT 198,00 §LTLELTCTTOVE0C 0T 8y z O2TTOVZ 94D
IYSSE L6 zs  Noeco SN zeiss 028 66618 ey zoTez 2818 pesss ET'ST ¥9'8L T8'ST £T6L w §LTLT:6T L0-T0V202 0T 8y 0 V20TOVZ 84D
KZLESE YT zr M8 .s90 L8 ) 5z01 rIL8 esee0T yier L1T8E %9 11985 16'STSSVTT 2591 82'9TT Whe:  GIGErioTG0-21-€20z 0T 8y 0 9502TEC 9HD
ZLESE 56 rg B9 yee 1389.,12919 LS y1osS 9922 £y oSy BOELT SG9T 8Y'EVT ZULT vrSrT Y0Lhn:  g'oG:Eri9T S02T-€202 0T 8y z 9502TEC 9HD
«TLESE 76 95 800zt 487 geeee 8L oviee 8L81 og59T 995 et 29'ST 8E'/8 6T'9T S0'G8 k0 §20:00:02 ¥0-2T-€202 0T 8y z VY0ZTEZ 9HD
«TLESE S ge  4Elere L2t 80ueT 0% pasET o8t 56 8IS Ly ZEVTIS LY ST'ST 2T'6Y 9k0 §20:00:02 ¥0-2T-€202 0T 8y 0 Vr0ZTEZ 9YD
8YTSE 9Ty 65 w0080 BIEC yyzeos  CEEEC svoges 9r 08 TSE6ET SIS omssy £SET 6761 TTYT TTT8 PAr §T0:90'50 62-TT-€202 0T 8y z V6ZTTEZ 8O
9¥2SE 90T v Poevo  SISL zesog 88819 9LEE TomsT 953 yevy VO'ET L9°€S 9G5'ET €6'TS Yo GSTYPTTSETI€20c 0T 8y z VBZTIEZ 8YD
AEVISE v's v E8.0c0 %N tevte BCI0T pYB6T 89S gviL v88L caiet 99V 2£'89 92Z'ST TTWL 0 gvETLTST-TT-EZ02 0T 8y z VBTTIEZ 8YD
+800GE €12 et TS omr GQEY aveoor 43P geoist &S pSET8 Eait 0L TL'€2 26'82Y 9z EVEry TYD:  g6LiVTOVO-TIEZ0Z 0T 8y z VOTTEZ 94D
226VE 08 o¢ 810,90 STE6 e61vS 0t 118l 4805 18602 e bBrE 62T Ty 8L°ET V56 OB §1€92:22 82-01-€202 0T 8y z 9820TEC 9UD
+226VE LET zs 0080  LEOL pwsTT oL ZES0LTT L8 86195 ¢l £e199 SEVT 28V SLVT TL°L9 by §'8G'G2i2Z 82-0T-€202 0T 8y 0 9820T€C 94O
998YE T re %8 svo S8LE ooweT 4rit eTeT et s16e S85C 8518 80°ST 59'8Y GL'ET 19'€S Y90 GTOOTLT6T-0T-202 0T 8y z V6TOTEZ 94D
998YE Ls 6y 29,290 ey yru02 a8 zovie C 28 0%¢ I8IET SE'VT 5269 65T 8T'€9 W10 GTOOT:LT6T-0T-€202 0T 8y 0 V6TOTEZ 9YD
+598YE 96 eyt ,80.c01  §%E% zoss Skvev T09z8 Spese LELSY Erase Slsey SL'ET SLOVE T'sT Ssv'LvE Wigm:  SOTTERTTBI-OT-€Z0Z 0T 8y z VBTOTEZ 81D
&99vE 88 g9 SLS.us0  EF0% ceues 8o 98E95 £0%¢ sewie gobe 08TE €L8T 6V LTT 26T 9E'9TT YCSD:  S0S:GZv0 T1-60-€202 0T 8y z 9TT60£Z 8YO
+B8SYE 092 zot  HSzzr  JEOT soycor  SIEEL esbroz rEL oBvKT Toy68 2ew8TT £'8T£8'S8T £0°6T 29'28T Mo gBTITI8T L2-80€202 0T 8y z V/Z80€Z 8YD
£88GVE 58 ze  8Suto T pesvor 45811 £1616 4988 JE5KT ool soves 0vT L9V £2°ST TT'€S Tem:  g6018TI8T L2-80€20C 0T 8y 0 V/Z80EZ 94D
£58SVE 86 6L  So.u60  SSOO Zg098 onar? 15958 &ir Jocey 895 Siver 6922 92'8LT 902 88'GLT ho:  §'€€:80:90 £2-80-€202 0T 8y 0 92280€2 949
£G8GVE vIT gL SSzzt I os10L vyl I5Er9 4896 T5€5€E SOt 062 90°'8T 86'TET 2102 SLSYT {06m:  5'€£:80:90 L2-80-€202  O'T 8y z 92280€2 949
98SVE g0t v $0.es0  OEN eesis S0t 9921 Sver Geist el toree 80°ET TT'vS L9'ET 80'WS Gho: gevieeT 92-80€202 0T 8y 0 V9280€Z 94O
985VE TLT €9 oeouvo Tl eevtor  L5EEL 1geeor £LES eegee DL%8 29969 67T 98°€6 EV'ST 9T'W6 Som:  gBvizelT9T80€20c 0T 8y z V9Z80EZ HUD
ASZSYE LET 15 H8e00 5% vezeer 8948 eeeerT ey TrLoy Ll 1ees9 £0'9T 96'06 SZ'8T TEL6 Ve 9'€SiZTOT 81-80-€202 0T 8y 0 98T80£Z 8YO
1SZSYE 6T rs WSer0  EXElssosor  YEELD ogotT ye e £821S VL8 cesv9 09T 8v'06 LT'8T 9'S6 YCO@:  SPOIETIOT 81-80-€202 0T 8y z 98T80£Z 8YD
- - - o o o o SAUd SAUd S 21N S ‘Yo oav
ounoo  PhiNs  Eins dH OQVSSz-0US OV /ZT-0UIS  OQV [ZT-P9UIS  OAVES-OUIS  OQV LZT-0Uld  OQV §§Z-0uld 06, (01n) awi xead dep  yono  jeuueyd aureu

"Z-l¥SN1ZA Aq pereiep sguo [ [Panunuod Gy ajqel



36

ISCussian

Chapter 4. Results and d

»9E9E <yl og  “%Ssr0 L ersoy bLeL 129y rESE £YB6T 8503 6oz 96'2T TT'6E 98'ET 8T'SY re: SSOWEET 92-¥0¥202 0T 8y z V9ZYOrZ SO

«E9E9E L6 zs 15,290 JSrOL LET9 SLOL wivv9 L8348 erove s mee 6V'ET 569 82VT vT'LL o §'SETZI00 S20¥202 0T 8y z VSZYOrZ 8uD

+BSE9E z91 s MScor  O0%L.zsvvst  ZEEOT eovestT b .S0L8. Ty BMSL 9T'9T 6£'S8 €8T 6T'€0T Ye0:  S'€0:0T:0080-0-v202  O'T 8y z 980Y0vZ 8YO
- - - o o o o SAUd SAUd S 21N S ‘Yo oav

ounoo  ®hNs  diNs dH 0aVSSZ-0UIS  OQV [ZT-0UIS  OQV [ZT-9UIS  OAVE9-0UIS  OQV LZT-0Uld  OaV §SZ-0uld 061 (01n) awn yead dep yoo  jauueyd aweu

"Z-l¥SN1ZA Aq pereiep sguo [ [Panunuod Gy ajqel



37

gEeT Lge 09910 8o e8esove  SLY%C 6BTSTYE Lee zeetee 395EC tavsoz vB'8TETE89 6562 29'S.9 Wby ¢'95:5eeT TE-50-€202 0T 8y 0 TE50€T 4S
€9y 90T 400 690 rery £52999 SeBer 908829 SYaSC GTBLTE  S50%¢ £/929v  28'9TE0'SLT zerT98eLt UOShem SvEwEZT 02-60-€20z 0T 8y z 00ZS0€Z 4S
Lo8 SvT eIt JSE%C 901898T  SSEC £syscvT Seeor.otevT  E8I%C ZmpTET L0722 66'6TE L1€2 20808 5EBQD:  S'PSI0E1L002-60-€202  O'T 8y z ©0ZS0ET IS
£ov §T 100 8010 Syl VOTT6E PeTel G8T00Y 6a 8162 oL eeL 8TG8E 89'vZ v6'2EY 1592 G9'GEY WED:  GTZ6VETOT-¥0-€202 0T 8y z 0TY0EZ 4S
06T S 00 910 ool 2rEe6T L35rL £eT88T e Svse £01 emeoT S8'2T ¥9'LS 9'€T 9229 i:  g'8eizeiez L0v0-€202 0T 8y z L0v0EZ 4S
0'6 ey 300 6T cort® 56829 288 Tevo it 186 80%L 0TS 18T LLVS ZV'ET 9SS SO0 9'8ziesiez L0-v0-€202 0T 8y 0 L0v0EZ 4S
4 ver £00.,200 481ct £e8907 Stect eceeoz LLed tiget SELIT ZimesT ST'EZ 282 vI'SZ L29.2 b gzswTie06T-£0-€202 0T 8y 0 6TE0ET 4S
Lt L6 oo, T0 eot 6E0PaT ye<rT G509T 0t £VOVT gl yeyyt G602 85'€0C £6'22 99'96T Sem:  gZeYTie06T-£0-€20¢ 0T 8y z 6TE0ET 4S
T 92 FL A £ o8 T00vZ %8 setve 08¢ Boze 1oL 91z €521 0°2€ £'€T £9°2€ SOhm:  GOTiZ0W0 L0-€0-€202 0T 8y z 1080€Z 4S
vy gz S 200 1600 eGBTT ey .2095T st 8l e L6IGT £L2ZT E6'GE YT'YT €907 o¥%,00  g'sev0:v0 20-60-€202 0T 8y 0 1080€Z 4S
68 5 vEo o oot GET8L LOETL 9965, e I8BTC prst G96ES 0T 2evE 0T 121§ bouBl0:  STSETLTYZ-20€202 0T 8y z 2208z 4S
g2y vIT 200 6010 S8orC eeveL g5e8l T198T0L o050t 2v96S Gevol seese9 6'6T £9'92C SL'TZ 82812 oBIE  S9TiSSYT02-20-€202 0T 8y z 022082 4S
0zot TLT 09,800 8PSl £20209T  ghrSl sotTor 900ttt NI zmeTsT  evezeTvEE 822 £V'8LE 9Bl gSEiSySTTI-Z0€20z 0T 8y z TT20€2 4S
A 96T 109 p0'0 A ) porer ZVL8T9 T e 908YZ ToRrT 9%E6S 252 L9'v6Y 15'SZ T8'68Y {950 STZoriSTIT-20-€20¢ 0T 8y 0 TT208Z 4S
LT STE 00510 9LCer psbSLOE  SIOVE eTess0E Eseevbloy  LLLEY eqosoz  vE'SEQTEITT  2SSE 8TLOTT  JSE@  G9ZESTOTI-TOEZ0Z  OT 8y z TTT0EZ 4S
v'slz zes 89,800 o5¥es zozgLes $658S veevees oo 560009  ,EBEE e@vBl.  ZvYS6/€£82 295 8v'TV8Z W §8SESTOTIT0EZ02 0T 8y 0 TTT0EZ 4S
TTIT '8z 100 10 BLIGE pSYTLLT ovabr T92808T SLeL 96290z gobi¥ omZ09T  20°2E L5606 vE'2E €8'206 5310:  §'6£:9v'2Z 0T-T0-€202  O'T 8y 0 90TTOEZ 4S
8'50€ 599 00810 L0380 Tvboveor  TRIOO 6€08GE0T  ooav.96169GT  SLSI® 6g9G/8  ST'89€9°CESY  ££'89 9T'9ESY cTBa0:  §'8€:9vigZ 0T-10-€202 0T 8y z 90TT0EZ 4S
8 zs ¢ro 620 Zt8 o888, L1908 86119 <3 £9BET Ve 9e8Ly TSTE6'LL £0°LT T0'68 IBen:  g8yipi/TOT-TO€Z0Z 0T 8y z OTTOEZ 4S
0€T z9 IS o0 2050 geTss 4598 618201 ety zese 068 SH6S0T 6v'ST 5'G6 16'9T 28'66 ¥e%g0:  g'6T:ET:IZ00T-10-€20Z  O'T 8y 0 ©0TTOSZ 4S
d zy T2 mmm 200 VITIL z108T oL 19002 wmmw £TE ELOTE TO00T Z9TI S6'EZ 19°2T L2Z0E YOSED:  S9TI8Y:8T90-10-€20Z 0T 8y z 90T0gZ 4S
g 781 Ty 800 200 BESTe p2IesT 8Y8TC 650Y9T 8D T2 20061 StevsT TTET T0WS Zr'yT 099 +%b:  §150T V0 v2-2T-2202 0T 8y 0 veztee 4s
3 v'0e 88 200 00 ScEet gooLvT oose 4760992 o ST66 LS8l 61195T LT TS LYT PrLT TUSYT OB SOVOTVOvZ-2T-220z 0T 8y z veetee 4s
w €L 0 9 se0 008 L8TLY LDt S0STS oIS £TOET O V69 €97 87'9L 8e'8T 87'68 Pes:  §°00:85:TZ 91-21-2202  O'T 8y z 912122 4S
m L0g ve 999 100 el 596212 eEel 8vesTe CBLE ezoT vesst 18012 26'6T T0'8YT Sv'0Z YL IST B GUpi80'€ZST-L02202 0T Sv z §T.022 4S
.m zL TS 0.ETO o180 zesze oo szTEe 9a5e g9 ols Jevez £0'ST 20'9L 2L'ST S8'6L T80 §'65:60:22 02-50-2202 0T St z 025022 4S
© 687 59T 108 500 eall eoTvss So5eT £evs9s Vel wetle L9591 128ES 222 69'598 2LTe sroLe LOhey:  GUVE0TZ TZH0220Z 0T St z Tevoee 4S
m £er ve 230 500 I8t ZveeT L8591 vuser 8D 9509 PI98T seseet 95'ST £2'66 SZ'9T Z'90T POTh:  S9vi€0:TZ Tev0-220Z 0T Sy 0 Tevoee 4S
n
mnu - - - o o o o sAu ;0% s 21N s 4o Dav
< %®yns N dH 0av 552-0 uIs oav /eT-0uls  OQV /ZT-¥9UlS DAV EY-OUIS DAV /ZT-0uld  OaV §Sg-0uld 081 (o1n) swn >ead e yomno leuueyo sweu
S
)
ol "T°€ "09S Ul punoy} aq ued spued ABlaua ay Jo uoieue|dx3 ‘pueq DAV LZT—0 8y} Ul 98py) Buunp pue

h

Gowin yead ayi 18 YNS pue ‘spueq ABIaus 1Samo| OM) 8Y) USaMIaq BRI SSaupJey ‘spueq ABIaus JuaIayip Inoy uigusan ‘spueq ABIaua JuIagip oMl Ul gxn ead ‘uoieinp 08uonoslap ay: jo awn yead
q@h a1nsBexe ‘Yoo ABiaus-mo| ‘erep aL painboe YaIym [BULRY IN0-peal Z2-1YSNTZA ‘UohuaAuod Builreu gyo o} [eaifofeue sweu :ale suwn|od ‘Z-lySNTZA Aq paiosiap saie Jejos :9° 3|qeL



38

ISCussian

Chapter 4. Results and d

"2-lvSN1ZA Aq pajosiep sae rejos :(anunuod) 9'f ajqeL

zoz gL 00 w00 608/ £88TT 96LL zoTTeT e 2viLy £680 ®otT GL'STZSSTT £7'9T 96'9TT YCem:  g'6viS2ie092-€0-v20z 0T 8y z 9zE0ve 4S
gt gy 295 900 1889 sveoL e 2169 Svee 110y B 0] ULV ITL 95'ST S5V IO gvriszie09z-e0vzoz 0T 8y 0 9ze0ve 4S
TEE 62T 200 800 T8¢t 2s1se TroeT (ZLEST b ,92B8T 9Lt 6resee 66T 22252 G6'6T £9'6YC SO Svris0i90 b-e0-vz0z 0T 8y z vZeore 4s
zer 05 S00.2zo L9186 9820L 1186 Eesy 1608T vopo L1908 vE9T E5T8 26T 12711 TH0:  9T0:GZiEZ 6T-60-v202 0T 8y 0 6TE0VZ 4S
9TET zee 00,100 areat 58000TE 808 zesTsT co9s L6VLE Lo98C oz08lz  28'1TSTVKY 91'82 25299 e g6T6C902220ve0z 0T 8y z 2220vZ 43
7’0z €9 £00 .50 Sy JI62SYT ek 2ETovT $5E 9z89 9188 90m6ET L'YTTEE6 9v'ST 9€°00T The:  §95:05.TTT-T0v202 0T 8y z TTT0VZ 4S
£59 08T 100 .00 £e997 806288 L0931 Joviss 88LY 8618E 9505t GMLL8  YO'VTLLTEY 6E7Z 6'SEY YeSm:  gvOETTO0-TOvZ0Z 0T 8y 0 vOTOYE 4S
SET sy 59 w00 E5EL pTuveT oael .8T9ZT T0is oy S B®OET BO'ET V685 TYET L'YS o220 SYOETTIOVO-TOY20Z 0T 8y z v0TOPZ 4S
€9 sy %98 00 608 sTu6T rer gzote oroe 82 858 vtz 9L'VT 9T'99 T9°9T ¥6'%9 ¥9.00 5085212 08-21-€202 0T 8y z 0gzTET 4S
99T 7’9 100 00 oeo<® yezeeT 2820 8SESTT 0oy T9wp cecs JRETT £2'/TS0'TTT £0'6T G8'STT TE@:  S'6E:8EIS090-2T-€202 0T 8y 0 9021£Z 4S
g9 L 240,900 $58L Jozee 9oL senge LE%C z08T 880 8812 YO'ET §8'LY 8LET TV'IS S0%0°  STT:0T:E002-TT-€202  O'T 8y z 02TTEZ 4S
v'2s ovT 100 220 vaerl 21191 crLrl 9Trr09 4685 G6TOTT 2oLl 2€00S 5222 50T 86'€Z T2'0TE Ve%g0:  §'Lvi6v:0090-60-€202  O'T 8y z 9060€Z 4S
v'8z 65 g0 00 SoBoT ovssee PeLLl zesese 4879 80ST veEsl Jmese €LVT vE'98 9Z'ST TE'E8 08e:  g90WhiEr ST-L0-€20Z 0T 8y z Gz.0£T 4S
o e S gT0 e TvSYT e et age s 4e0 otmeT 88'TT LT'SY 9ET 6T'SY o SOSZETZY0-L0-€202 0T 8y z ¥0L0€Z 4S
ze st 619 900 838 ss06T L2k t8zeT e v6:9 OLSE SvieT TTET €9'Gy TTVT 8'SS 0% govizeTevo-L0-€20¢ 0T 8y 0 v0L0€2 4S
ove 62 00 £e0 6EE8T Saseay o091 sgvosy 9TEe ZOLTIT oLt sasee 80°'8T Z'EVT SZ'0Z YO'SYT fem:  gvgizeic020-L0-€202 0T 8y z 20£0€Z 4S
£'5S 6'ST 108 100 ey S2E099 Jar 9vOre9 g evEs STSer IESP9  SO'TZIETSE €922 Tr'8ve T8 §'ZZi0E008T-90-€202 0T 8y z 81902 4S
- - - o o o ud SAUd SAUd S 21N S ‘Yo oav
%®yNs  EiNs UH 0QvVS5z-0UIS  OQV/2T-0US  OQV /ZT-P9UIS  OQVES-OUIS  OQV ZT-0Uld  OQV §§Z—0uld 06¢ (0Ln) awn xead ey oo jeuueyd aweu



39

]
yum pagBew are yoiym sejnosid NS TS '99S Ul punoy aq ued spueq AB1aua ay) Jo uoneue|dx3 ‘PaduNOUUR SBM UOID313P SU) YDIYM Ul Jaquinu Jejnaiid

e
9 ELVEE geT 86 109,700 el Teest el £E06T 231 8re LE caigt L1'6T £€°06T 2v'1Z 1228t %¥.00 SPEO00TZOT-E0€EZ0Z  OT 8y 0 02-908T ¥9S
A K 6S€C 29¢C G8'C SYee 3

2} <ELVEE 9€e 9oz 13,700 GG zevss g9E¢ 90855 EEER rEe evS TT°2290'855 582 2€'95G O¥,00 SYEO00TZOT-€0-€202 O 8y z 02-908T ¥OS
3 v182E oee voe  20.8z0  (35%5 ssmsor S0V cTyezon oove zeBSE  SRSl.EEL9ZT  9v'L€ LETT L6'8E 9G°SVTT  gopf.,0° GOELTLTYI-0T-2202 0T 8y z PSTZ+SEBT UDS
© 1612 SvEe 62e 190,800  IVYE esmgrT  SUPE scEstT a8 vass IC8E J®OTT  TZ'9ELS68TT  ©'9E 61°G8TT %t.,00 gsziviezer-0T-ceoz 0T 8y z YSTZ+SEBT YOS
.m 1612 68 68 999.200  SEEC opost T .5969T o0 sve e L199T 9T'6T G9'69T 29'02 SY'9LT 123,00 S'eviz0:Z0€T-0T-2202 0T 8y z YSTZ+GE6T UDS
M 1612 z6 26 5.z00 IS yrest TSt 18491 4T 882 Lot vepoT ££'87 18°29T 11°6T YT'ELT 1,00 §Tri9ziez 21-01-2202 0’1 8y z YSTZ+GE6T YOS
i)

w - - - 2 o wo wo SAUD Spud s 21N s ‘Yo Dav

4] - _

14 oun0o9  ®hins  tins H 00V §S2-0UlS  OaV /ZT-0UIS  OQaV /ZI-¥9ulS  OAVE9-OUIS  OaVv/ZI-0Uld DAV SSz-0uld 06 (o.Ln) auwm sead dxey  yoino [ouueyd aureu

<

S

“I0M SIU} JO Joyine ay) Aq patedaid aiam xiIsise ue
NO9O ay1 pue ‘pueq DAV 2ZT—0 8y ul 96)sy) Buunp

mbcm awn ead sy} 1e YNS ‘spueq ABIaus 1SaMO| OM] U} USSMIS] giFp) ssaupirey ‘spueq ABiaus Juaiayip Jnoj uigouan ‘spueq ABIaua Jualayip om) Ul xn ead ‘uoirelnp 06fuondsiap syl Jo awi
O swipgeddiRp ‘yoino AB1aus-mo| ‘erep au painboe Yolym [SUURYD IN0-Peal Z-IYSNTZA ‘SWel JUsAs :aJe suwnjod 'Z-IvSNT1ZA Aq paloaiep sisreadal ewiweb os woy sayseld ;) '{ a|ge]



Chapter 4. Results and discussion 40

4.1.2 Distributions of observational characteristics
Duration vs. spectral hardness

Fig. 4.3 shows all detected transients in HIR Ty plane separated by the event type.
GRBs are further divided into long and short based on the classi cation 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 ares. The longest events
detected are among solar ares which seem to have a rather unif&tlistribution 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 dtRheTgg plane it lies

at the boundary of the transient types.

This simple but elegant division of th¢R  Tgg plane by the event types suggests it to
be used for a classi cation of uncertain peaks. One of the related issues is the aforemen-
tioned forest of SGR bursts. To avoid misclassi cation of these events, another parameter
would need to be introduced. Solar ares 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 classi cation 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 bene cial.

A comparison of the hardness ratio and g 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 GRBAIpha 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 GRBAIpha's DRM is available,
we lack the information about its orientation.

Fig. 4.5 shows a comparison of tfigy 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 GRBAIpha and VZLUSAT-2. The medirof GRBAIpha GRBs

is 15 s while median GBM duration for the same dataset is 22 s. VZLUSAT-2 observed
a medianlgg 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;
R'pa 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
GRBAIpha 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 signi cance 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 vsTgg duration for all GRBAIpha and VZLUSAT-2 detections. The
hardness ratibiR is de ned as the ratio of the total countsTgg 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 GRBAIpha has decreased
the gain which shifted the energies to higher values (Sec. 3.1). Colors distinguish between GRBs,
SGRs, solar ares (SF) and X-ray binaries (RX). GRBs are signi cantly harder than other classes.
Among softer sources are longer solar ares 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
ner temporal resolution.
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Figure 4.4: A comparison of the hardness ratidR (left) and Tgg durations (right) of the events
detected by more detectors.

Figure 4.5: A comparison of the GRByg durations as observed by GRBAIpha 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 signi cance 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 GRBAIlpha.
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