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ABSTRACT. During the examination of optical properties of gamma-ray bursts (GRBs) measured
during the life of the Neil Gehrels Swift Observatory satellite, significant discoveries were made. While
the satellite measures gamma, X-ray, and optical data simultaneously, in many cases, only an upper
limit is established in the optical domain. Hence, survival analysis, a.k.a. dependability modelling, was
necessary, serving as a tool for studying samples where some cases are bound only by the upper limit, as
mentioned earlier. This method is used to analyse datasets that may have upper or lower bounds rather
than precise observations, but nevertheless contain relevant information. It was previously established
that the duration, gamma fluence, and peak flux all have a substantial effect on the optical brightness
distribution, probably due to the energy of the beam from the GRB’s central engine. However, after
analysing more than 200 data points, we no longer see this association. This disagreement shows that
the previously reported impact may not be as significant as previously derived, needing more research
to better understand the underlying processes that determine the optical brightness in connection to

© 2025 The Author(s). Licensed under a[CC-BY 4.0 licence
Published by the [Czech Technical University in Prague

gamma-ray properties.
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1. INTRODUCTION

Gamma-ray bursts (GRBs) are the most energetic and
luminous events observed in the Universe since the Big
Bang [I}, 2]. First discovered in the late 1960s, GRBs
are brief, intense flashes of gamma-ray radiation that
can last from a few milliseconds to several minutes [3].
These bursts originate from distant galaxies, often
billions of light-years away, making them valuable
probes of the early Universe.

The fundamental feature of GRBs is their tremen-
dous energy output, with some bursts releasing more
energy in a few seconds than the Sun will release in
its entire 10-billion-year lifetime. GRBs are often clas-
sified into two types based on their duration: short
GRBs, which last less than two seconds, and long
GRBs, which can range from two seconds to several
minutes. According to the dominant hypotheses, short
GRBs occur from neutron star mergers [4], whereas
long GRBs are caused by the collapse of massive stars
into black holes (collapsar model) [5, [6]. The connec-
tion with gravitational waves, which has already been
observed several times, can serve as evidence for the
first case [7THII]. In addition to the two main models,
other types of GRBs were discovered in the 1990s and
early 2000s [12] with lengths of a few seconds, i.e. of
medium length, and spectral hardness different from
the two above [I3HIB]. The physical model of this
intermediate group could not be perfectly determined

but it seems that the X-ray flash events could have
a connection to them [I6HI9]. In addition to their
initial gamma-ray emission, GRBs frequently produce
an afterglow that glows at various wavelengths, in-
cluding X-rays, ultraviolet, optical, and radio waves,
providing critical information on the environment and
processes surrounding these explosive events [20].

1.1. LARGE STRUCTURES

In [21], the authors have demonstrated that the
angular distribution of short GRBs is not entirely
isotropic [22H25], in contrast to early observations
and models of the sky distribution of GRBs. In fact,
there is mounting evidence that GRBs exhibit notable,
giant anisotropies [26H32].

Insight into the vast and intricate architecture of
the Universe has recently been gained through the
discovery of massive cosmic structures [22] 23] 33].
A noteworthy finding among them is the GRB ring,
a massive ring-like configuration of gamma-ray bursts
extending over 5 billion light-years that complicates
our notion of large-scale cosmic homogeneity [34] [35].
The Hercules-Corona Borealis Great Wall is another
noteworthy structure [36]. At over 10 billion light-
years in length [37], it is the largest known structure
in the Universe (see Figure . This massive GRB su-
percluster leads to new questions about the formation
and evolution of the Universe, defying previous expec-
tations of the size limits for cosmic structures. It is
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(B). Corona Borealis Great Wall.

FI1GURE 1. The two huge GRB sctures of the Universe.

possible that the distribution of matter in the Universe
is more varied and complex than previously believed
if these enormous structures are present, which has
significant implications for cosmology [3§].

If we accept the widely held view that there are
only two physical hypotheses for the origin of GRBs,
and taking the hypernova concept as a starting point,
we can state the following: in the collapsar model,
which occurs upon the collapse of a very massive
star, it is obvious from the physics scenario that these
stars are bound to their birthplace due to their short
existence. When [39] published the highest redshift
of a spectroscopic GRB, it was the Universe’s most
distant object [40]. We believe that the distribution
of GRB redshifts, which reaches at least z ~ 10, and
their correlation with the explosive death of massive
stars, or GRBs, can make them a special and potent
tool for cosmology [41},[42]. Finding hundreds of GRBs,
including those with high redshift (z > 6) [43, 44],
will be one of the main goals of two upcoming space
missions, Space Variable Objects Monitor (SVOM)
and Transient High-Energy Sky and Early Universe
Surveyor (THESEUS) satellites, among others, in an
effort to address these important questions. It also
gives us insights into the evolution of stars in the early
Universe, and the role of early galaxies where stars
form.
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1.2. GRBS AS TRACERS OF HIGH SFR

Gamma-ray bursts are not just exotic cosmic occur-
rences, but also useful markers of galaxies’ star for-
mation rates [45] [46].

It was shown already, using ISO observations (see
e.g. [47, [48]), that the star forming rate density
(SFRD) decreased in the last 5 billion years. While
the SFRD curve is well understood in the 0 < z < 2.5
interval (see e.g. [49]), we need more indicators of the
star formation in the early Universe, and one possibil-
ity is using GRBs resulting from collapsars. Because
of their brief lifespan, they are limited to fruitful star
formation areas. As a result, the frequency and dis-
tribution of GRBs can shed light on the locations
and rates of star formation within galaxies. GRBs
observed by mankind are found at significant cosmic
distances, up to redshifts of 10, so astronomers can
investigate GRBs to follow star formation activity in
various epochs and settings of the Universe, gaining
a better knowledge of how galaxies evolve and produce
new stars over time (see Figure |2).

2. MATERIALS AND METHODS

2.1. DATA

NASA launched the multi-wavelength Neil Gehrels
Swift Observatory telescope (formerly known as “Swift”
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FIGURE 2. Star Formation Rate density from GRBs
based on various assumptions (GRB rate to SFR ra-
tio, GRB progenitor metallicity) and as a function of
redshift (shaded curve based on the observed galaxy
population, blue hatched region accounts for galaxies
below the detection limit). Current constraints from
the available GRB sample are shown by red points.
Corresponding estimates from a representative THE-
SEUS sample are indicated by cyan points [42].

Space Telescope) in 2004 with the main goal of study-
ing gamma-ray bursts (GRBs). Among the Universe’s
most powerful and explosive occurrences are these
bursts. The three main instruments onboard Swift
are the Ultraviolet/Optical Telescope (UVOT), the
X-Ray Telescope (XRT), and the Burst Alert Tele-
scope (BAT) [50H52]. The BAT’s main task is to
find GRBs and provide exact locations to the other
sensors to point in a timely manner. When a GRB
is discovered, the XRT is devoted to taking precise
afterglow X-ray pictures and spectra, which enable
researchers to examine the high-energy processes that
follow the original burst. In the meantime, the UVOT
monitors the afterglow in the visible and ultraviolet
spectrum, offering further information that aids in
deciphering the environmental and physical circum-
stances underlying these explosive occurrences. With
this equipment, Swift is able to offer a detailed pic-
ture of GRBs at various wavelengths, which is greatly
advancing our knowledge of these cosmic occurrences.

We used information from Swift’s GRB observa-
tions from official public catalogue [53]. The cata-
logue includes most of the ~-ray parameters, as well
as some X-ray and UV optical parameters and infor-
mation on all the three Swift instruments. In this
work, we have focused on the optical data recorded
with the ultraviolet/optical telescope (UVOT). There
were 504 detected GRBs in total, 296 had an accu-
rate measurement, 172 were censored and 36 with
NA V mag. In some cases, the 11 h X-ray flux value
was not provided (26 cases), and the gamma spectral
class was also missing in a few instances (5 cases). Out
of the 437 GRBs observed, 282 had precise measure-
ments of their V magnitude, whereas for 155 events,
only a limiting magnitude (lower limit) could be de-

termined for various reasons. Our goal was to identify
the magnitudes affecting the optical brightness dis-
tribution during these occurrences. In order to do
this, we examined a number of characteristics from
the X-Ray Telescope (XRT) and the Burst Alert Tele-
scope (BAT). For the BAT, we considered the pho-
ton index, 1-second peak photon flux, fluence, and
T90 duration. From the XRT, we looked at the first
temporal index, spectral index, early flux, 11-hour
flux, and 24-hour flux. These characteristics gave us
a large dataset that we could use to investigate the
relationships and correlations that result from the
GRB afterglow optical brightness.

2.2. SURVIVAL ANALYSIS

The study of the lifespan of different things is the focus
of the statistical area of the survival analysis, a.k.a de-
pendability modelling. Broadly speaking, we look at
the moment at which an event, such as like the termi-
nation of a state, occurs [54, [65]. The calculation of
the so-called survival function and the associated sig-
nificance tests form the basis of the methodology [66-
58]. When applied to biology, the function under
examination shows how, based on a starting point
or event, the estimated number of survivors should
decline with time [59].

Here are some further examples of applications re-
lated to natural science:

(a) Biology: By using survival analysis, one can get
a greater understanding of the origins of illnesses,
such as cancer, the lifespan of organisms, and the
ways in which environmental or genetic variables
influence an organism’s ability to live.

(b) Ecology: In ecological research, it can be used to
monitor changes over time and to study individual
survival rates and population extinctions.

(c) Environmental science: It can be used to antic-
ipate the effects of climate change and study the
effects of environmental adjustments.

(d) Geology: It can also be used to analyse volcanic
eruptions, earthquakes, and other geological phe-
nomena to determine the expected length or fre-
quency of such occurrences.

It is crucial to keep in mind that a study or research
project has a certain amount of observation time. This
can be due to a lack of resources (time, money, etc.)
or just the researcher’s desire to eventually publish the
findings. Each research will therefore have a specific
start and end date.

It is also critical to remember that certain data
have undergone interval, left, and right censorship.
The right-hand limitation is applicable if, at the con-
clusion of the inquiry, the occurrence was not seen.
In certain cases, the left-hand limit is reached when
the event occurred prior to the start of the inquiry.
This may be the case, for example, if we start look-
ing at how a community’s street lighting fixtures are
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operating and find out that some of them have al-
ready been damaged. It is feasible that some lamps
will continue to work if, as in the previous case, the
observation only lasts for a year. This is because we
have both left and right constraints in time, which
is how we generate our interval-censored data se-
ries.

In this astronomical endeavor, we know that an
object’s brightness is below the detection limit in
a certain colour if our telescope was unable to detect
it in that colour. This realisation connects to the
topic of observational limitations and data censorship.
Just as the researcher has to deal with the constraints
of observation periods and the censorship of data in
social research, astronomers are also restricted with
limitations of their instruments. Therefore, the same
principle and methods of survival analysis can be used
in astronomy in order to achieve an accurate data
analysis.

2.2.1. THE SURVIVAL FUNCTION

The survival function S(t), one of the most crucial
quantitative terms in survival analysis, gives the prob-
ability that the subject of study will survive beyond
a certain time t, meaning that the event of interest
has not occurred yet. If we denote the survival time
as T, a non-negative random variable that describes
the time until the event of interest occurs, and t as the
exact point in time at which the survival probability
is evaluated, then the survival function S(t) can be
mathematically defined as:

S(t) = P(T > t). (1)

Note that ¢t and T' can refer to any variable of interest,
not necessarily time (e.g. object’s brightness).

From the definition of the survival function S(¢), it
is clear that S(t) is complementary to the cumulative
distribution function F'(t) (CDF), the probability that
the event has occurred by time ¢ P(T < t), implying
the following relation:

S(t)=1-F(t). (2)

It follows that the survival function S(t) has the
following properties:

(a) S(0) =1, that is, the event has not occurred yet,

(b) S(c0) = 0, that is, the event will eventually occur,

(c) S(t) is non-increasing function, s.t.:
S(tl) < S(tz), if t1 > to. (3)

There are several parametric, semi-parametric
and non-parametric methods of estimating the sur-
vival function, such as exponential, Weibull, or log-
normal [60]. One of the most frequent methods used,
the Kaplan-Meier (KM) method, is a non-parametric
estimator given by:

Siuty =TT (1-32) )

t;<t
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where
d; is the number of events at time ¢;,
n; is the number of subjects at riskd just before time t;.

Visually, the Kaplan-Meier survival function is
a step function that produces a statistical curve where
at each point in “time”, it shows the estimated survival
percentage of subjects. Meaning, the curve changes
value as a step down only when the desired event
occurs and remains flat in intervals where no events
occur.

2.2.2. THE RISK OF THE EVENT

Another important quantitative term to define in sur-
vival analysis is the hazard function A(¢). Also known
as the risk ratio, the hazard function provides a mea-
sure of the risk of the event occurring at a specific
time ¢. That is, the hazard function A(¢) is the proba-
bility that the event occurs per unit time at time ¢,
given that we know the event still has not occurred.
This can be shown by the following formula:

. PU<T<t+At|T>t
M’f):&rﬁo( At 20 )

Equation describes the slope of the cumulative
survival curve given survival up to that time.
A(t) can now be written in terms of S(t) as:

A(t) = ggg (6)

where f(t) is the probability density function (PDF)

defined as f(t) = dl;it).

The hazard function is always non-negative,
A(t) > 0, and unlike S(¢), it has no upper bound.

2.2.3. PROPORTIONAL HAZARDS MODEL

In survival analysis, we often need to evaluate the
effect of several explanatory variables on the time
a specified event occurs. The Kaplan—Meier estimate
falls short on this task as it only examines the effect
of a single factor at a time. To solve this issue, the
proportional hazards regression approach, also known
as the Cox model, was created by Sir David Cox in
1972 [57), 61]. The core idea of the Cox model is to
estimate the hazard, or the event occurrence rate, at
any given time point for an individual, given their
covariates, relative to a baseline hazard function that
is common to all individuals.

The process involves calculating the relative risk of
the explanatory factors under investigation. In this
context, a baseline group is always used as a risk-free
comparison for the relationship, providing a reference
point against which the effects of covariates are mea-
sured. This comparison is essential for interpreting
the effects of the explanatory variables in terms of
increased or decreased risk relative to the baseline.

L«at risk” refers to events that have yet to happen and are
still under observation, i.e. not censored.
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The Cox model does not assume any particular
baseline hazard function, allowing for flexibility in the
shape of the hazard over time. This semi-parametric
nature of the model makes it a robust tool for handling
various types of survival data. The model can be
expressed as:

A(t1X5) = Xo(t) exp(B1 Xi1 + -+ + BpXip),  (7)

where A(t|X;) represents the hazard function, or the
instantaneous risk of the event occurring at time ¢ for
an individual with covariate vector X;. The term Ao(t)
denotes the baseline hazard function, which is the haz-
ard for a baseline group that serves as the reference.
The coefficients i, ..., B, are the regression coeffi-
cients that quantify the effect of each covariate on the
hazard.

This technique enables researchers to demonstrate
whether a given treatment or intervention is effec-
tive by comparing the hazard rates between different
groups while adjusting for other variables. For in-
stance, in clinical studies, the Cox model can be used
to evaluate the effectiveness of a new drug by com-
paring the time to recovery between the treatment
and control groups while adjusting for potential con-
founders, such as age, sex, and comorbidities.

The Cox proportional hazard model has become
a cornerstone in the analysis of survival data due to
its ability to handle censored data and incorporate
multiple covariates simultaneously, making it an in-
valuable tool in medical research, epidemiology, and
various other fields.

3. RESuULTS

3.1. SURVIVAL FUNCTION OF GRBS

We used the optical V magnitudes of Swift GRB obser-
vations, representing a sufficiently large homogeneous
dataset sample, for a survival analysis in R program-
ming language with “survival” packages [60, [62]. This
parameter is analogous to time in the survival analysis.
Our dataset includes 437 GRBs V Magnitude mea-
surements from the UVOT instrument, where 282 had
an accurate observation and 155 were lower limit (cen-
sored) events. The difference between the total of the
censored and accurate data and the number of gamma-
ray bursts studied is due to the fact that for 15 GRBs,
one of the parameters we used was missing or inac-
curate, hence these 15 bursts were eliminated from
further research. In Figure[3] we show the distribution
of the exact measurements alongside the distribution
of both the exact and censored measurements (all
dataset). From the figures, we can clearly see that the
two curves run together up to a magnitude of 17.5, af-
ter which the distributions diverge significantly due to
the predicted limiting measurements. We, therefore,
calculated the survival function from this magnitude.
Then, using this survival function, we derived the
traditional cumulative distribution function shown in
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F1GURE 3. The figure shows the cumulative distribu-
tion of the Swift UVOT V band measurements. The
red line shows the distribution of all data, the blue
dashed line shows the distribution of only the exact
measurements. You can clearly see how the censored
measurements appear at lower magnitudes.
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FIGURE 4. Distributions calculated from the survival
function with 95 % confidence bounds in the optical
V band.

Figure [ This figure presents the cumulative distri-
bution of gamma bursts in magnitude V, along with
the generally used statistical 95 % confidence interval.

In order to better understand the results, we want
to emphasise that the calculated Kaplan-Meier func-
tion is a mathematical approximation of the true sur-
vival function. This is important to remember when
comparing it with the simple empirical cumulative
distribution function (ECDF). The strength of the
KM estimator lies in its ability to take into account
the information inherent in the censored data, which
is crucial for the survival analysis. Unlike the ECDF,
which only takes into account fully observed data,
the KM estimator corrects for the presence of cen-
sored observations, giving a more accurate picture of
the true distribution of the observed data. This is
particularly relevant in our study, as a non-negligible
fraction of the magnitude V data provides only a lower
bound and is, therefore, right-censored. By applying
the survival analysis method, we can recover the true
distribution function, taking into account all available
information, not just the distribution that can be di-
rectly computed from successfully observed data. This
distinction ensures that our survival analysis truly re-
flects the underlying patterns and relationships in the
data.
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We examined whether we can indeed obtain a sig-
nificantly different distribution of outbreaks. Figure
clearly shows how different the two distributions are.
We used the Kolmogorov-Smirnov test [63] to com-
pare the uncensored cumulative distribution with the
survival function. The distance between the two distri-
butions is 0.48, which is found to be a significant dif-
ference (significance level <2.2 x 10716 (~ 8¢)). That
is, using the censored data, there is a significantly
different statistical distribution of the brightness of
GRBs in the V band.

4. DISCUSSION
4.1. COX-REGRESSION

The Cox regression was used to determine whether the
properties of GRBs (SWIFT BAT’s derived T90, Flu-
ence, 1-sec Peak Photon Flux, Photon Index, XRT’s
derived 11 Hour Flux, gamma) depend on the visible
magnitude distribution. Table[l]shows the coeflicients
of the selected physical parameters, as well as the
probabilities of deviation from random chance.

4.2. DIFFERENCES BETWEEN ~-SPECTRUM
GROUPS

We compared the GRBs with simple power-law (PL)
and cut-off power-law (CPL) spectral types. The
defined p-value quantifies the probability of obtaining
the observed data or more extreme results if the null
hypothesis was true. It helps to determine whether the
observed results are statistically significant or occurred
by chance. A small p-value (typically less than 0.05)
suggests strong evidence against the null hypothesis,
while a large p-value indicates weak evidence against
it. Applying this to our data, the number of GRBs
with PL spectra is 359, and with CPL spectra 73,
with the number of events (“censored data”) in each
group equal to 137 and 17, respectively. The p-value
of 0.2 obtained indicates that there is no statistically
significant difference between the CPL and PL spectra.

5. CONCLUSION

Survival analysis offers a robust statistical framework
for examining the time until an event occurs, making
it widely applicable across various fields, including
medical research, engineering, and astrophysics. In
the context of gamma-ray bursts (GRBs), survival
analysis can be used to study the temporal character-
istics of these explosive events, such as the duration of
their different phases and the time intervals between
various observed phenomena. By applying survival
analysis techniques, researchers can gain deeper in-
sights into the underlying mechanisms driving GRBs,
and better understand the factors influencing their
observed properties.

Previously, the optical luminosity distribution of
GRBs was found to be significantly affected by sev-
eral GRB properties, including duration, gamma-ray
fluence and peak flux. This is explained by the fact
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Variable B HR e? Prob
log(BAT T90) —0.20283 0.81642 0.392
log(BAT Fluence) 0.34055 1.40572  0.312
log(BAT PeakFlux) 0.04513 1.04616 0.890
BAT Photon index 0.24081 1.27227 0.139
log(XRT 11hFlux) 0.05693 1.05858 0.598
log(X RT Gamma) —1.70346 0.18205 0.235

TABLE 1. Results of the Cox regressions. The Prob
column gives the probability, the dependence values
are fully random. Seemingly, no remarkable correla-
tion was obtained.

that these factors play a crucial role in determining
how bright the afterglow of a GRB will appear at the
optical wavelength. The duration of the gamma-ray
emission can affect the amount of energy deposited
in the surrounding interstellar medium, while the
gamma-ray fluence and peak flux are directly related
to the total energy output and the intensity of the
burst. These properties are indicative of the total
energy budget of the GRB, which in turn affects the
optical afterglow produced. However, in the present
work, we have not found a significant correlation, so
clarification of this should be the subject of further
research.

We found 359 GRBs with power-laws pectra and
73 GRBs with cutoff power-law spectra in the Swift
telescope database. This pattern is consistent with
earlier research in the field, which found that PL spec-
tra often explain a significantly larger percentage of
GRB events than CPL spectra. PL spectra are more
common than CPL spectra, which are generally linked
to high-energy burst events or bursts with notable
spectral evolution, according to studies such as those
by [64] 65]. Our results support these patterns and
further demonstrate that GRB spectral classification
is consistent across various datasets and analytic tech-
niques.

Interestingly, early X-ray flux and gamma photon
index do not show a significant impact on the optical
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brightness distribution of GRBs. This suggests that
the initial high-energy processes captured by X-ray
observations may not directly correlate with the opti-
cal afterglow properties. Instead, the energetics of the
jet launched from the central engine of the GRB likely
play a more pivotal role. The interaction of this jet
with the surrounding interstellar matter triggers the
afterglow, with the gamma-ray properties reflecting
the energy and dynamics of this interaction. Under-
standing the connection between these gamma-ray
properties and the resulting optical brightness can
provide valuable insights into the physics of GRB jets
and their interactions with the environment.
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