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Abstrakt

Pgedkladame studii vinovanou dvima potencialni pozorovatelnym efektum teorie kvan-
tové gravitace, co% je teorie pgedpovidajici poruteni Lorentzovy invariance pgi dosa¥eni
mikroskopické Planckovy tkaly. Zamigujeme se na jev hranieni anomalie, kde odvozujeme
modi kovany vztah pro anihilaci fotonu respektujici vliv kvantové gravitace. Zkoumame
pozorovatelnost efektu vakuové disperze u dvou nejenergetiétijtich gama zablesku, které
kdy lidstvo pozorovalo: GRB 221009A a GRB 230307A. Analyza je provedena na
datech z dru¥ice GRBAIpha. Zjistili jsme, ¥%e detektor GRBAIpha neni schopen se svym
easovym rozlitenim rozeznat potencialni vakuovou disperzi. Nakonec diskutujeme mo¥ané
vysvitleni rostouciho a klesajiciho trendu pozorovanych zavislosti.

Abstract

We present a study dedicated to two potentially observable effects of a quantum gravity
theory, the theory predicting Lorentz invariance violation when reaching a microscopic
Planck scale. We focus on the threshold anomaly phenomenon where we derive a modi ed
threshold relation for photon annihilation, respecting the influence of quantum gravity. We
investigate the observability of the in-vacuo dispersion effect on the two most energetic
gamma-ray bursts ever observed by humankind, GRB 221009A and GRB 230307A. The
analysis is performed on data from the CubeSat GRBAIpha. We have found that the
GRBAIpha detector is not capable to distinguish potential in-vacuo dispersion with its
temporal resolution. Finally, we discuss the possible explanations for the increasing and
decreasing trend of the observed dependencies.
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Introduction

Astrophysics is, as we know it nowadays, a branch of physics seeking to understand a
universe as a whole by explaining the behavior of astronomical objects and their mutual
interactions through multiple elds such as electromagnetism, mechanics, thermodynam-
ics, or general relativity. The problem comes when we try to incorporate quantum physics
into our description of the universe involving the theory of gravity | with today's knowl-
edge, we are unable to explain both disciplines with the same approach. This is when the
potential theory of quantum gravity comes into play.

Quantum gravity theory strives to unify the theory of gravity with quantum physics
and therefore give us a complete view of the true nature of the universe. Despite its
important signi cance, quantum gravity does not present a main focus in the astrophysical
community. One of the reasons is the overall dif culty to observe potential signs that
might be able to con rm this theory. Quantum gravity predicts that space-time itself
must have a quantum structure on a microscopic Planck scale. This scale is so minuscule
that reaching it to observe the potential effects of quantum gravity is almost impossible,
even with state-of-the-art particle accelerators. The only astrophysical apparatus with the
greatest potential to get close to the Planck scale are cosmological gamma-ray bursts.

The essence of quantum gravity theory lies in the modi cation of a standard energy-
momentum dispersion relation. The modi cation leads to the potential dependence of the
speed of massless particles on their energies. In other words, quantum gravity contradicts
Einstein's special relativity postulate about the constant speed of light.

Using the modi ed dispersion relation, one can derive the possible observable effects
of quantum gravity. One of them is the threshold anomaly, a theory that explains the
observation of ultra-high energy photons which are according to standard physics forbidden
for us to detect because of their annihilation with low-energy background photons. Another
effect is the in-vacuo dispersion, a phenomenon claiming that we should observe a time
delay in the arrival time of two simultaneously emitted photons of different energies. The
more energetic the photon is, the more signi cant the time delay should be.

In our thesis, we rst get familiar with the theory of quantum gravity and the modi ed
dispersion relation. We continue with the threshold anomaly effect where we try to derive
a modi ed threshold relation that considers quantum gravity. Thereafter, we introduce the
in-vacuo dispersion effect. We conduct the analysis on real GRBAIpha data where our goal
is to observe the potential time delay between simultaneously emitted photons of different
energies. We discuss the obtained results and conclude with the contribution to the future
of quantum gravity phenomenology.

{1{



The quantum theory of gravity

1.1 Introduction to the guantum space

One of the greatest physical problems faced by scienti ¢ society is how to create a "theory
of everything”, a theory that will unite quantum physics with the theory of gravity. Despite
the problem being studied for more than 90 years (Amelino-Camelia, 2002), nowadays
we still have only hypothetical theories waiting to be proved by the experiments. One of
the candidates is a well-known string theory, which is based on the idea that fundamental
objects are not considered as point particles, but as pieces of string. The different modes
of vibration of the string than represent different elementary particles that vibrate in
space-time and result in a rich structure (Bedford, 2011). Another candidate can be
a loop quantum gravity, which represents a canonical quantization of general relativity
(Bodendorfer, 2016). All of these potential candidates have one thing in common |
they predict that space-time itself must have a structure on a microscopic scale. By the
microscopic scale is meant the Planck scale, derived and discovered by the famous physicist
Max Planck. Therefore, reaching this scale means the standard physical model as we know
ceases to make sense and the effects of quantum gravity start to dominate.

1.1.1 Planck Scale

In 1900, the German physicist Max Planck presented in his paper a new system of units
(Planck, 1900). This system, named after his discoverer a "Planck system of units" is
now considered as a part of diverse systems of natural units. Using only four fundamental
constants, Planck was able to derive relations for natural physical scales of mass, time, and
length (Bolotin & Yanovsky, 2016). By fundamental constants is meant:

* ¢, which stands for the speed of light. This constant presents the limit value of speed
and signi es the influence of the theory of special relativity.

* }, which stands for the reduced Planck constant. This constant also presents the
limit value but signi es the influence of quantum mechanics.

» Gis the gravitational constant, in this case presenting a value that xes the absolute
value of interaction strength (Bolotin & Yanovsky, 2016).

» krepresents the Boltzmann constant. Originally included as a fundamental constant
in the Planck paper from 1900, but in the resulting relations for the scales of mass,
time and length do not take a role.

{2{



The quantum theory of gravity 3

Having the four fundamental constants presented, the resulting relations for Planck
scales of mass, time, and length are (Bolotin et al., 2020):
r

Mmp; = }EC 2:18 10 %kg;
r_G

tp = }g 539 10 #s (1.1)
r_G

lp = % 1:60 10 3°m:

Besides the fundamental relations formulated in 1.1, itis possible to determine also derived
Planck relations. For our work, studying the theory of quantum gravity, the essential one
is the Planck energy, where the Planck energy presents an inversion to Planck length. The
equation is given as (Lacki, 2015):
r—

Ep = % ' 122 10%eV: (1.2)
Revealed Planck scale represents a characteristic scale for the study of the theory of
quantum gravity. We are familiar with this approach and the influences of the different
scales also in other physical elds. If the velocity of an object gets close to the speed of
light, Einstein's general relativity with its effects takes the role. If we study the behavior
of an object on microscopic scales, we must consider the effects of quantum mechanics
to describe such behavior. Similarly, in the quantum gravity case, we predict that each
of the resulting values obtained from relations 1.1 and 1.2 represent an imaginary border
from which a standard physical model breaks down because of the violation of Lorentz
symmetry. On these scale levels, a new physics takes the role. It is apparent that reaching
the energy levels in the order of the equation 1.2 is impossible for laboratory experiments
nowadays. The only apparatus close enough to the Planck energy is gamma-ray bursts
(GRBs).

1.2 Mathematical-physical approach to quantum gravity

A mathematical expression of our space-time is described by the flat Minkowski space
(Minkowski, 1909), a four-dimensional space composed of three spatial and one temporal
dimension. An event in Minkowski space (a point in four-dimensional space-time) can be

expressed by a contravariant four-vector as follows:

X = (X0 x5 %% x%) = (ct;x): (1.3)

The existence of Minkowski's space is strongly linked to Einstein's theory of relativity with

its postulates. The rst postulate explains that all of the physical laws remain the same for
all inertial systems, whereas the second postulate speaks about the constant value of the
speed of light for all inertial observers. Lorentz symmetry then completes this postulates
with the fact that all transformations of physical laws and their equations between observers
remain invariant.
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Now we move from the macroscopic world with its relativistic theory to the microscopic
world affected by quantum physics. As we know from classical quantum mechanics, we
can't measure both the position and momentum of a particle with absolute precision. The
more we try to determine the value of one quantity, the more we lose information about
the second one. This important principle has its own name | The Heisenberg uncertainty
principle. The principle originates in the noncommutativity between two operators, for
example between the mentioned position and momentum operators:

[X; Pl & O; (1.4)

where the inequality to zero means that the two operators failed to commute.

Quantum gravity theory predicts non-classical features of space-time and modi cation
of our description of flat Minkowski space-time. The basis of the theory originates in the
deformation or even violation of the Lorentz symmetry when approaching the microscopic
Planck scale. The idea of quantization of space-time structure leads to discreteness,
resulting in the noncommutative property of Minkowski space-time at the Planck scale
(Amelino-Camelia, 2002). In the words of quantum mechanics, we are not able to measure
precisely the position of a point, subsequently, we say that the space-time coordinates do
not commute (Doplicher et al., 1994):

[%:%] 6 O: (1.5)

1.2.1 Modi ed dispersion relation

In Galileian relativity, described by classical mechanics with velocities a lot smaller than
the speed of light, we are familiar with the energy-momentum dispersion relation in the
following form:
3
2m’
where momentum is expressedges mv. Einstein's special relativity presented a needed
modi cation of this relation with the increasing velocity to the value of the speed of light.
The dispersion relation in the observer-independent relativistic scale acquired the form:

(1.6)

E?= p°c?+(mdA)?: (1.7)

Physicists are convinced that we must adopt a similar scenario in the case of quantum
gravity. Because of the hypothesis about the deformation of space-time symmetries, the
modi cation of the energy-momentum dispersion relation takes the role as we are reaching
the Planck scale. The modi ed dispersion relation caused by the quantum gravity effects
has in general the form (we stress that in the relations considering quantum grayity is
andG set to 1) (Amelino-Camelia, 2013):

E2' p°+ mP+ | §°E; (1.8)

where the modi cation is provided by the parameter This parameter should have a
dimension of length | we assume that it has to have a value in the orders of Planck length.
In our thesis, we will adopt and use the modi ed dispersion relation presented in the work
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of Kovaeik & Pretnajder (2013). In their work, they investigated quantum mechanics
in 3D noncommutative space using the rotationally invariant commutation relation of
coordinates: B

[xi; ;] = 2ile Tkxg; (1.9)
wherei, j, k=1, 2, 3 anck stands for the permutation Levi-Civita symbol. They obtained
the modi ed dispersion relation in the following form:

2
1 N 1 5
whereHp is a free Hamiltonian | a noncommutative analog to the kinetic part of a
Hamiltonian and’; is a velocity operator. We will use the rewritten forms of the relation
1.10 as follows: A A

V=2Ho | HG; (1.11)

1 9 — 70
2 11 12 (1.12)

|:|0 =
We stress that, when using the presented modi ed dispersion relation, we work with the
eigenvalues and eigenvectors of the operators with the subsequent neglect of operator

notation.



Threshold anomaly

2.1 Standard threshold relation

One of the hypothetical consequences of the quantum gravity theory is the modi cation
of the standard threshold relation, originally derived from a theory of special relativity.
The approach of standard physics tells us that ultra-high energy photons cannot propagate
along cosmic space without being attenuated. Such phenomena occur because of the
annihilation of high-energy photons with the ubiquitous low-energy background photons,
where the occurring severe absorption follows the reagtiog! €' +e . By low-energy
background photons are usually meant cosmic microwave background photons (CMB) or
extragalactic background light photons (EBL) (Li & Ma, 2021).

The condition for the energy of an ultra-high energy photon to annihilate with the
background photon to form an electron-positron pair can be derived using the law of
energy-momentum conservation (Li & Ma, 2023). The resulting equation is given as:

E Ep= %; (2.13)

whereEy, is the energy of ultra-high energy photag s the energy of background photon
andme is a mass of an electron.

Figure 2.1: Standard threshold illustrated for ultra-high energy photons and the low-energy
EBL photons. The annihilation is allowed to occur in the blue- lled part of the graph.

{6{
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Figure 2.2: The attenuation signi cance for ultra-high energy photons with the redshift
z =0.1505. The gure was retrieved from the work of Li & Ma (2023), where model and
data were taken from Dominguez et al. (2011) and [e3].

The relation 2.13 reveals the existence of a lower threshold above which the annihilation
is allowed to occur, and the nonexistence of the upper threshold, meaning we should not be
able to observe all photons exceeding the lower threshold. However, the detection of a GRB
221009A with its most energetic photons reaching dozens of TeV (more in subsection 4.2)
presents a sign of a possible violation of Lorentz symmetry and a subsequent modi cation
of the known threshold. By applying the dispersion relation presented in 1.12 to the
approach of Li & Ma (2021), we will try to derive in the following subsection a modi ed
threshold relation which will include the influence of quantum gravity. We stress that until
the end of the chapter, we consiggr=1 eV.

2.2 Derivation of the modi ed threshold relation

Before all else, relation 1.12 needs to be rewritten as a function of momentum. For that,
we use Legendre transformation as follows:

dHo_ \'

qv - pmz: p: (2.14)
Applyingv = pﬁ we obtain:
0 S 1
2
Ho= =@ 1 12 P _A. (2.15)
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To complete the modi ed vacuum dispersion relation, we assdge p as a relativistic
approximation: S |

_ 2 l'p .
HO—I— 1 1 I+ ip (2.16)

Following the energy-momentum conservation relation presented in the work of Li & Ma
(2021) with our relation 2.16, we are able to write:
e Hore cp e’

> 5 ; (2.17)

and subsequently:

4mg = Hi+ 2ey(Ho+ p)  p* (2.18)
Now we apply Taylor expansion to simplify the terms with Hamiltonian from previously
obtained relation, whereas otherwise we would need to solve it numerically:

3 p
HE P2 S+ ol

Ho+ p 2p+ O[l 3
After a few adjustments, the nal modi ed threshold relation acquires the following form:

| = B B
- 3p2 3p3

(2.19)

(2.20)

Figure 2.3: Derived modi ed threshold relation considering Lorentz invariance violation.
The blue- lled area below the curve presents a part where annihilation is allowed to occur.

Figure 2.3 reveals different behavior of threshold depending on a value of parameter
| . We consider onlyp > 0, whereag < 0 does not make sense. Also, we highlight two
main points of the curve. First, the point intersecting the x-axis (0), which correctly

signify the standard threshold whepg= %. Second, a maximum at the poipg = %.
Now we are able to divide the curve in gure 2.3 into three regions:
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* Regionl > f(pc): For this case, the solution does not exist and consequently there
is no threshold for ultra-high energy photon to annihilate.

* Region betweeh < f(pc) andl = 0: In this case, we have two different solutions

for our relation 2.20. The smaller one represents a lower threshold, whereas the
other one takes the role of an upper threshold. This means that there is an interval
where background photons are not transparent to ultra-high energy photons and the
annihilation to form an electron-positron pair occurs. On the contrary, when the
energy of ultra-high energy photons exceeds the upper threshold the absorption by
the background photonis not allowed. Itis necessary to emphasize the curve behavior
atl = O: It correctly describes the standard case without vacuum dispersion, where
the upper threshold tends 0¥ .

» Regionl < 0: This region is similar to the standard case in special relativity with
only one lower threshold. The difference originates in the reduction of the threshold,
sincep < po.

The difference between our resulting modi ed threshold relation and the one derived

in the work of Li & Ma (2021) originate in the use of different dispersion relations. In
their analysis, they applied a dispersion relation in the following form:

w?= K> xKk" (2.21)
where they xed n= 3. In this case, the rolexofs the same as guring in our dispersion
relation and we also assurke p. Their resulting equation for modi ed threshold relation
is given as:

_ dey  AME
X = W W’ (222)

Figure 2.4: Comparison of the two modi ed threshold relations using two different dis-
persion relations 2.22 and 2.20. The only difference between the two curves is in the
prefactor.
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for k> 0. The comparison of the two resulting dependencies is illustrated in gure 2.4. As
we can see, the curve behavior is in both cases the same, as well as the values of the points
intersecting the x-axis and the maximum points. The only difference between equations
2.22 and 2.20 is in the prefactor.

2.3 Numerical approach to modi ed threshold relation

The relation 2.20 derived in the previous subsection represents a simpli ed approximate
solution because of the Taylor expansions with the neglect of higher degrees. To obtain
a more precise solution for olr dependence, we applied a numerical approach using
Wolfram Mathematica Language.

From now on, we také as a parameter and ask what is its potential value for photons
approaching the Planck scale. Firstly, we determined the value of paramdbera
concrete value of momentumfrom the relation 2.18, where we substitutdg with the
2.16 expression. We continued with de ning the function of the following form:

S — 1o s 1 !

_ 4 | p 2 I p .
4m§_|—2 1 1 1o t2e - 1 1 1 p +p p4 (2.23)

that takes g value and outputs the resultihgvalue. We made a table with 600 pairs of
evaluated values for thep values of the same interval as is presented on the x-axis in
gure 2.3. Eventually, we plotted the resulting pairs on a graph. The result is illustrated in
gure 2.5. We also plotted both numerical and approximative solutions on the same graph
(gure 2.6). In this case, we see the approximative curve tted nicely the numerically
evaluated pairs df andp. Finally, we did the numerical solution for tixék) dependence

of Li & Ma (2021) to compare with oul (p) dependence. The result is shown in gure
2.7.

Figure 2.5: Modi ed threshold relation derived using the numerical approach. The shape
of the resulting curve is identical to the one in gure 2.3.
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Figure 2.6: Comparison of both approximate and numerical solutions. In this case, the
curve from the approximate solution (blue) tted nicely the paird oand p found by
numerical solving (black).

Figure 2.7: Comparison of both numerical solutions for lo(p) andx (k) from work of
Li & Ma (2021). Shapes of the curves follow the same appearance as in gure 2.4.



In-vacuo dispersion

3.4 Arrival-time difference formulas

Another of the observable consequences of quantum gravity theory with its deformation
of the Lorentz invariance is the in-vacuo dispersion effect. Due to the granular structure
of space-time, it acts as a dispersive medium for particle propagation through the universe.
This causes the energy dependence of the velocity of particles | two simultaneously
emitted photons of different energies from a source should be detected by terrestrial
detectors at different times (Ronco et al., 2022). The value of the time delay between two
emitted photons of different energies is usually miniature, but it can accumulate when the
photons propagate cosmological distances. Forinstance, if we try to manage the experiment
on Earth with photons of TeV energies and distances of thousand kilometers, the time of
arrival delays would be in the orders of10 18 seconds (Amelino-Camelia, 2013). This is
why gamma-ray bursts present the best tool for investigating the in-vacuo dispersion effect.
They are capable to accumulate a minuscule effect thanks to their enormous distances and
at the same time, they possess immense energy that approaches the Planck energy scale.
From the modi ed dispersion relation presented in 1.8, we are able to obtain a velocity
law, a relation describing the energy dependence of the speed of photons (Amelino-Camelia
et al., 1998; Amelino-Camelia, 2013):

v' 1 ﬁ+hn+ 1E.
2E? 2 Ef

(3.24)

if we assume the velocity descriptionwas dE=dp. Using the equation 3.24, Amelino-
Camelia (2013) in his work derived the resulting relation for the momentum-dependent
difference of arrival time between two particles of different energies:

n+1p_“zzdzon (1+ Hn _
2Ho BB o Wi(1+ D3+ W

whereWn, W_, Hp are cosmological parameteEs, is the Planck energy and the distance

is expressed via integration through redshift. For the linear modi cation scenario, we
assumen = 1, meaning the energy and time of arrival difference should follow the linear
correlation. The Greek lettér has either a value of 1 if we consider the subluminal case
of propagation | photons of higher energies propagate slower than low-energy photons,
or a value of -1 for the superluminal case | higher energy photons propagate faster than
lower energy photons. In our thesis, we will be working only with the subluminal case.

Dt' h

(3.25)

{12{
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For redshifts smaller than 1, the time delay at arrival between two photons with energy
differenceDE acquires the following simpli ed form (Amelino-Camelia & Smolin, 2009):

DE
Epi
wherelL = Hio is the distance of the photon source.

The intensity of the in-vacuo dispersion was investigated in multiple studies, analysing
the detections of the brightest gamma-ray bursts. Unfortunately, the study of such phe-
nomena is limited by the very few high-energetic events for which the in-vacuo dispersion
should become conspicuous. One of these detections, a gamma-ray burst from October 9,
2022 (described more precisely in the section 4.2) was analysed in the work of Zhu & Ma
(2022). They adopted a formula presented in 3.25, and provided a calculation for the time
delay between low-energy photons (less than 1 MeV) and an ultra-high energy photon of
99.3 GeV emitted at the same time as low-energy photons. They calculated the resulting
time delay as 19.8 seconds. While comparing the data from the Fermi LAT Telescope and
its corresponding light curves for multiple energy bands, they observed a signi cant sharp
spike of low-energy photons, detected aroun@0 seconds before the 99.3 GeV photon
event, meaning the spike could present a possible evidence of the in-vacuo dispersion.
Similarly in our work, we will investigate the most energetic events detected by current
telescopes and try to discover the temporal differences between the peaks of signals. Our
analysis is described in detail in the following chapter.

Dtjsman z* h=—L; (3.26)

Figure 3.8: Statistical analysis of high-energy photons (left corner) and neutrinos (right
corner) from multiple gamma-ray bursts was presented in the work of Amelino-Camelia et
al. (2017). They adopted a modi ed 3.25 relation and calculated the resulting time delays
at the maximal energies of the bursts, guring out that there is a signi cant correlation
between the photon and neutrino features.



Data analysis process

4.1 GRB detectors

The study of threshold anomalies requires mainly the theoretical apparatus of physics.
Subsequently, in the practical analysis, we will restrict ourselves only to the study of the
most energetic gamma-ray bursts ever observed by humankind, for which the possibility of
their observation is extremely rare, and the explanation of such bursts is the most suitably
described by the quantum gravity theory with its modi ed threshold approach. Having this
condition for the gamma-ray bursts clari ed, we will mainly focus during the data analysis
on the observation of in-vacuo dispersion.

The Earth's orbit as well as its surface possesses multiple detectors of gamma-ray
bursts. For quantum gravity purposes the main role takes the energy range the detector is
able to capture and the temporal resolution. Let us mention some of the currently working
facilities:

» The Neil Gehrels Swift Observatory which works in the optical, ultraviolet, X-Ray,
and gamma-ray wavebands. It consists of three different instruments among which
the Burst Alert Telescope (BAT) has the widest energy range of 15 to 150 keV
(Barthelmy et al., 2005). The temporal resolution of the BAT instrument is 100
microseconds [el].

» The Large High Altitude Air Shower Observatory (LHAASO) which is situated
in Daocheng, Sichuan province of China, and includes electromagnetic particle
detectors, muon detectors, water Cherenkov detector array, and a wide eld-of-view
air Cherenkov telescopes. This gamma-ray astronomical observatory operates in
the energy range between 100 GeV and 1 PeV with the temporal resolution in
nanoseconds (Cao et al., 2019).

» The Fermi Gamma-ray Space Telescope which operates in the gamma-ray area. The
main components are the Large Area Telescope (LAT) and the Gamma-ray Burst
Monitor (GBM). These two detectors together are able to cover the energy range from
8 keV to 300 GeV. The temporal resolution for GBM is 2 microseconds (Thompson
& Wilson-Hodge, 2022).

* International Gamma-ray Astrophysics Laboratory (INTEGRAL), composed of four
scienti c instruments | the SPI spectrometer, IBIS imager, JEM-X X-Ray monitor,
and the OMC optical monitoring camera. They operate in the energy range between
15 keV to 10 MeV. SPI, the main instrument of the laboratory possesses the absolute
timing precision of 50 microseconds (Kuulkers et al., 2021).

{144
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* GRBAIpha, which represents the smallest astrophysical space observatory. It covers
the energy range from 70 keV to 890 keV, with the time stamping in seconds (Pal et
al., 2023).

There are many other facilities working on the observation of gamma-ray bursts, except
for the ones listed above. During our data analysis, besides the investigation of the
observability of the in-vacuo dispersion effect, we also want to take a look at factors
speci ¢ to small satellites that affect and complicate the observation of minuscule effects
such as dispersion in-vacuo. Taking this ambitious goal into account, we decided to retrieve
data from GRBAIpha.

4.1.1 GRBAlpha

GRBAlIpha, launched on March 22, 2021, by a Soyuz rocket from Baikonur (Pal etal., 2020),
is 1U sized CubeSat designed for detecting and studying gamma-ray bursts. Situated at
low Earth orbit (LEO), GRBAIpha also informs about the influence of background at LEO.
This mission represents an international project of the Czech Republic, Slovakia, Hungary,
and Japan. The nanosatellite has a size of a cube with dimensions of approximately
10 10 11 centimeters and weighs 1.2 kilograms (Pal et al., 2023).

The main part of the detector is a thallium-activated cesium-iodine crystal of a size
75 75 5 millimeters. This scintillator is enveloped with an Enhanced Specular Re-
flector (ESR), which basically plays a role of a reflective foil. A small non-wrapped area of
the scintillator possesses a linear array of multi-pixel photon counters (MPPCs), mounted
on a printed circuit board (PCB) of size 605 millimeters. The scintillator is enveloped
again with the black Tedlar layer (DuPont TCC15BL3) and protected with the lead-alloy
shielding (PbSb3) on the side of the multi-pixel photon counters (Pal et al., 2023).

The output signal of the biased MPPCs travels to an analog signal chain with the
resistor-capacitor networks. The resulting widened pulse is sampled by the analog-digital
converter (ADC). The signal then flows through the eld-programmable gate array (FPGA)
and is handled by the main microcontroller unit (MCU), from which the data stream ends in
the radio downlink and is received by two stations in Piszk@<Ddiservatory in Hungary
and in Jablonec in Slovakia (Pal et al., 2023). The resulting data can be downloaded by
the scienti c community injsonand.txtformats. The data contains information about the
time in the form of the Unix time and UTC, as well as information about the position of
the satellite in the form of longitude, latitude, and altitude. The exposure was previously
set to 4 seconds, newly the time bins were improved to 1 second. GRBAIlpha provides
information about the energy range in the interval from 70 keV to 890 keV, divided into 4
or 16 energy channels.

We retrieved multiple data from the GRBAIpha's server, where all the daily detections
are stored. Before all else, we wanted to take a look on a casual data without a detection
of the gamma-ray burst to know how the count rate is behaving. We decided to pick the
data from November 10, 2022. The corresponding graph is illustrated in gure 4.2.

As we can see, even with no gamma-ray burst observed on this day, GRBAIpha detected
strong signals when passing through certain areas on the globe. These undesirable detec-
tions must be taken into account during the analysis of the gamma-ray burst detections.
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Observed signals are mainly caused by the following phenomenons:

* The Van Allen radiation belts | correspond to outer and inner radiation belts
composed of high-energy electrons and ions (mostly protons). They are located in
the inner magnetosphere of Earth where the geomagnetic eld can be approximated
as a magnetic eld of a magnetic dipole (Koskinen & Kilpua, 2022). GRBAIpha,
orbiting the low Earth orbit, pass through the Van Allen radiation belts near the
North and South pole of the Earth.

* The South Atlantic Anomaly | this anomaly represents an area from the southern
tip of Africa to South America where the Earth's magnetic eld is the weakest,
only about22 uT (Koskinen & Kilpua, 2022). Consequently, the satellites passing
through this region are exposed to a much higher flux of ionising radiation than
usual.

Figure 4.1: The background map at low Earth orbit fa&& BE10 keV. Red parts present the
areas with higher concentrations of charged background particles [e2].
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Figure 4.2: GRBAIpha measurement for E240 keV from November 10, 2022. The
count rate is caused by the satellite's flyover above the areas denoted in gure 4.1.

4.2 Data analysis for GRB 221009A

GRB 221009A was an extraordinarily bright long-duration gamma-ray burst, detected on
October 9, 2022, at 13:16:59.99 UT. The burst was located at a right ascension of 288.28
degrees and declination of 19.49 degrees (J2000) (Pillera et al., 2022), in the constellation
Sagitta. The redshift was estimated to be z = 0.1505 (Castro-Tirado et al., 2022). This
cosmological burst was detected by multiple facilities. Firstly the detection was announced
by Fermi Gamma-ray Burst Monitor (Veres et al., 2022) and by the Fermi's Large Area
Telescope (Pillera et al., 2022). A nanosatellite GRBAIpha also detected this exceptional
burst without saturation (Ripa et al., 2023). The Large High Altitude Air Shower Obser-
vatory announced detected photons reaching 18 TeV (Huang et al., 2022), and the Russian
air-shower array Carpet-2, located at Baksan Neutrino Observatory, reported a single pho-
ton reaching 251 TeV (Dzhappuev et al., 2022). Subsequently, GRB 221009A is now
considered the brightest burst ever observed since the beginning of human civilisation and
was named as thBOAT (Brightest Of All Time) (Burns et al., 2023).

Data from October 9, 2022, were retrieved from GRBAIpha's data server. On this day the
time stamping was set to 4 seconds with 16 energy channels operating. We found out that
the low energy threshold was set to80 keV, making the rst 3 energy bands unsuitable

for analysis because of the high rate of the dark noise. Raw data for one of the energy
bands (155 keV) is illustrated in gure 4.3. On this graph, we marked with blue color the
area corresponding to the detection of GRB 221009A. A non-zero count rate marked with
red color represents the signal detected when GRBAIpha was passing through the regions
denoted in gure 4.1. The burst itself is in gure 4.5. We also need to highlight above
which part of the globe the satellite was situated in during the detection of such a burst.
From gure 4.4 is evident that GRBAIpha was passing through the North Pole, detecting
the nal part of GRB when transiting the outer Van Allen radiation belt.
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Figure 4.3: Raw data for E 155 keV from October 9, 2022. We restrict ourselves to the
blue part presenting the GRB 221009A.

Figure 4.4: Position of GRBAIpha (red) during the detection of GRB 221009A. The
satellite was situated on the North Pole, heading to the outer Van Allen radiation belt.
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