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Abstract

The LOw Frequency ARray (LOFAR) is primarily used for astronomical observations
and additionally detects Cosmic Rays (CRs) by measuring the radio emission from
extensive air showers in the 10'%eV to 10'8° eV energy range. This thesis focuses on
determining if solar flares were detected while being in LOFAR Cosmic Ray (CR) mode
in the years 2012 — 2024 and analyzing possible solar flare detections. The data of the
GOES satellites is used for the determination of solar flare candidates. For the analysis
of the LOFAR data, we made interferometric sky maps and dynamic spectra which we
compared to the data of other observatories. The LOFAR data allows a nanosecond time
scale investigation of the signals. We found multiple coincidences of LOFAR CR events
with solar flares, with one event showing clear signatures of a solar flare - the second
largest flare in solar cycle 24 on 09/10/2017 - in its dynamic spectrum. Additionally,
the time domain data of this LOFAR event was examined and a ”pulsed” structure was
found. For a probability analysis, the expected number of LOFAR-event-matches with
daytime solar flares is calculated and compared to the actual number of matches. It is
found that the expected numbers are lower than the actual numbers which has various
reasons that are discussed in the scope of the thesis.
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1 Introduction

" While observing a group of solar spots on the 1st September, I was suddenly surprised
at the appearance of a very brilliant star of light, much brighter than the sun’s surface,
most dazzling to the protected eye, illuminating the upper edges of the adjacent spots
and streaks, not unlike in effect the edging of the clouds at sunset; the xrays extend in
all directions.” - by R. Hodgson in 1859 about a curious appearance he has seen in the
Sun [1].

What was originally considered as white-light brightenings, is now known as solar flares
that extend across the entire electromagnetic spectrum. Solar flares appear in various
forms and differ a lot in their energy, form and length. Even though the solar flare’s
essential nature - the explosive release of energy stored in current-carrying magnetic
fields in the outer solar atmosphere - is generally accepted, the processes and the events
through which this stored energy is released, are far from fully understood. Through
these still poorly understood physical processes, the energy is, among other things,
converted into three energetically important products: Hot plasma, erupting material
and accelerated particles (e~ ions). Since the radiation emitted by solar flares covers
the entire electromagnetic spectrum, our level of knowledge came through detecting
and analyzing the emission across this wide wavelength band which provides a lot of
information about the different physical processes that produce this kind of emission.
On the other hand, the wide frequency band is very challenging since each few decades
of wavelength and energy require different detection technologies and an understanding
of the different radiation mechanisms [2].

The generated shocks and high-energy particles can propagate through the heliosphere,
may influence planetary ionospheres (cf. [3]) and have a strong influence on space weather
and therefore can affect global communication technology on which we increasingly rely
(cf. [4]). These powerful eruptions can even influence the habitability of exoplanets
(cf. [5]). Since solar flares have such a high influence on a lot of different things, it
is of crucial importance to study the physics behind them to understand better our
surroundings and potentially other star systems.

With its 52 stations distributed all over Europe, the LOw Frequency ARray (LOFAR)
is the world’s largest radio telescope (cf. [6]). It is primarily used for astronomical
observations and additionally detects Cosmic Rays (CRs) by measuring the radio
emission from the extensive air showers that they trigger in the atmosphere. With its
low-frequency coverage combined with a high resolution, LOFAR offers a powerful tool
for probing unexplored solar coronal structures [4].

The goal of this thesis is to determine if we detected solar flares in the LOFAR CR mode
in the past years (2012 — 2024). The first step is to find the solar flares of these years by
using the data of other instruments. With that, we want to analyze the LOFAR data
and search for possible coincidences with strong solar activities and flares. Additionally,
we want to determine how many LOFAR-event-matches with solar flares we expect for
this time period and compare the expectation to the actual data. If we detected a solar
flare while being in CR mode, the aim is to characterize and analyze the signal further
and compare it to the data of other observatories.



2 Solar Flares

This chapter will introduce solar flares, their emission mechanism, their characterization
and frequency. In addition, some solar observatories are briefly introduced.

2.1 What are Solar Flares?

Solar flares are the most powerful magnetic events in the solar system. They emit
radiation across the entire electromagnetic spectrum, from radio to gamma-rays [7].
It is generally accepted that solar flares and their often-associated Coronal Mass
Ejections (CMEs) are connected to the energy that is stored in the magnetic field of
the solar corona. Within hours or days, a very high energy builds up within a so-called
active region, which covers a small fraction of the solar disk. It is instantaneously
and impulsively released through the underlying process of CMEs and solar flares, the
magnetic reconnection. The magnetic reconnection refers to oppositely directed magnetic
field lines which come together and merge. In a large solar flare, the reconnection
enables the magnetic field to relax to a lower energy configuration in the process by
transferring more than 1032 erg of energy.

Solar flares and their CME are usually called a ”solar eruptive event” (SEE). The
current understanding of a SEE is shown in Figure 1. The released energy of the
magnetic reconnection goes into accelerating charged particles (e~, p and heavier ions),
the heating of the coronal plasma and leads to a drift of the flux rope away from the Sun
which then becomes a CME. Due to electromagnetic forces, the particles accelerated in
the downward direction are torn on a spiral along the magnetic field lines until they
reach the ”loop footprints” in the higher - density region of the lower corona and upper
chromosphere [2].
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Figure 1: Principle of a SEE. Magnetic field lines (blue) come out of the solar photosphere
(yellow) and pass into the corona. A few of them are drawn into a current sheet where
magnetic reconnection takes place and therefore energy is released. New reconnected
field lines (green) that move downwards produce hot flare loops (red). The ones moving
upwards add to the flux rope (light blue) that connects back to the solar surface. Figure
taken from [2].



2.2 Characterization of Solar Flares

Solar flares differ a lot in their energy, form and length. Therefore, a classification is
needed to distinguish them. The primary way of classifying a flare is via its soft X-ray
flux at 1 — 8 A as measured by for example Geostationary Operational Environmental
Satellites (GOES). Flares are therefore classified into X, M, C, B and A flares, with
X flares having the largest and A flares having the smallest peak strengths. X flares
correspond to a peak flux of more than 10~* %, the other classifications decrease in
decades [7]. X, M and C flares refer to "x-treme”, "medium” and ”common” flares.
Each classification is subdivided using numbers after the classification such as C4.2 or
X2.2 which corresponds to a flux of the number multiplied by the threshold flux of the
respective classification. X2.2 would then correspond to a flux of 2.2 -10~% % 8].
Solar radio bursts are divided into five general classes I — V based on their temporal
and spectral characteristics. This terminology developed historically [9].

Type I bursts are short (second - long) quasi-monochramatic spikes with huge variation
in intensity over the 80 — 200 MHz frequency range. They are related to active hot spots
on the solar surface. They usually cluster as "noise storms” which can last for a few
hours up to a few days and sometimes show a continous underlying broadband emission.
Even though single signals show no noteworthy drift in frequency, the temporally spiking
emissions tend to evolve towards lower frequencies in a storm.

Type II bursts are usually associated with electron acceleration in the shock fronts at
the leading edge of CMEs. They can last a few minutes during which the narrow-band
emission of the fundamental (harmonic) mode slowly drifts from ~ 150 MHz to lower
frequencies. Typical drift rates for these flares are =~ 0.05 @

Type III bursts are believed to be emitted by relativistic electron beams (0.1 — 0.3 ¢)
traveling along open magnetic field lines during CME events. This type of bursts only
occurs in isolation or in clusters. They last for a few seconds and show drift rates up
to 1 GEZ. Rarely, they do not continue to drift to lower frequencies towards the end of
the flaring period, but show an inverted ”J” or ”U” structure in their dynamic spectra.
These ”U” and ”J” subtypes refer to the case, when electrons do not escape along the
open magnetic field lines but instead propagate downwards along a closed loop within
the solar corona.

Type IV and V bursts are rare and occur never in isolation. Type IV bursts form a
smooth continuum of broad-band bursts beginning 10 — 20 min after the flare maximum
of some major flare events, with hour-scale duration. Type V bursts are short-lived
continous noise at the lower frequency tail below 200 MHz and follow in rare cases a
type III burst ([10], [11]).

For our work, type X solar flares are most relevant due to the fact that these flares
show long-lasting radiation storms and have the highest peak strengths (cf. [12]).
Type I radio bursts are not relevant for this thesis, since their frequency range does not
match with the frequency range of the Low-Band Antenna (LBA) (cf. subsection 3.1)
[4]. Type II and type III bursts occur at low frequencies and therefore are important
for our work (cf. [13] and [10]).




2.3 Solar cycle and Frequency of Solar Flares
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Figure 2: Variability of the sun spots during the solar cycle for the years 1985 — now.
The purple line presents a prediction of the solar cycle for the next years. Figure taken
from [14].

Sunspat Number

The solar activity is variable as a function of time. A full solar cycle has a duration of
22 yrs. With the solar activity, the number of sunspots varies in the same periodicity
(cf. Figure 2). As the cycle progresses, the Sun’s activity builds up to a maximum and
settles back to a minimum when a new cycle begins. It is observed that the polarity of
the magnetic field of the sun switches every 11 yrs. Furthermore, the frequency of the
solar flares also coincides with the solar cycle: When the solar cycle is at its minimum,
active regions are small and rare and only a few solar flares are observed. Hence, the
number of solar flares increases as the solar cycle reaches its maximum, because fast
CMEs occur also more often near the peak of the solar cycle [15].

In this thesis, data of the years 2012 — 2024 is discussed. As shown in Figure 2, the
solar cycle reached its maximum in the year 2014, decreased and reached its minimum
in 2020. Then the next solar maximum began in the year 2024.

2.4 Solar Observatories

In the following chapters, a few instruments that are (continuously) monitoring the sun,
are described.

2.4.1 Callisto

Callisto stands for Compound Astronomical Low frequency Low cost Instrument for
Spectroscopy and Transportable Observatory (cf. [16]). The goal of Callisto is un-
derstanding transient phenomena in the solar corona. The ground-based Callisto
spectrometer is a programmable heterodyne receiver that was designed in 2006, which
operates between 45 MHz and 870 MHz. All Callisto spectrometer together form the
e-Callisto network, which is distributed all over the world and makes a continuous
observation of the solar radio spectrum for 24 h per day all through the year possible.



It consists of over 220 observatories, of which on average around 80 provide daily public
open-source radio spectrograms. In Figure 3 all Callisto instruments are shown [17].

Callisto Day/Night Map for 12 Feb 2026 15:05:04 (UTC), blue=no data, orange=data two days ago, red=current data
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Figure 3: World map with all Callisto instruments (one dot can represent up to 5
instruments). Day/Night map of 02/12/2026 15:05:04. Figure taken from [17].

2.4.2 GOES

Geostationary Operational Environmental Satellites (GOES) have been observing ter-
restrial weather, space weather, including solar flares, SEEs and the space environment
(fields and particles) since 1975. For the space weather observations, there are two
identical operational GOES satellites of the National Oceanic and Atmospheric Admin-
istration (NOAA) in geostationary orbit, one at 75.2° longitude west and one at 132.2°
longitude west and at least one on-orbit back-up satellite [18].

The GOES-R series includes four satellites: GOES-R (cf. [19]), GOES-S (cf. [20]),
GOES-T (cf. [21]), and GOES-U (cf. [22]), which were launched on 9 November 2016, 1
March 2018, 1 March 2022, and 25 June 2024, respectively and named GOES-16, 17, 18,
and 19, respectively. Out of these, GOES-16 and GOES-18 are the primary operational
satellites.

The Geostationary Orbiting Environmental Satellites X-Ray Sensor (GOES-XRS) mea-
sures the full-disk solar X-ray irradiance in two wavelength intervals: XRS-A (”short
channel”, AX = 0.05 — 0.4nm) and XRS-B ("long channel”, A\ = 0.1 — 0.8nm) [18].

2.4.3 RNO-G

Radio Neutrino Observatory Greenland (RNO-G) (cf. [23]) is a radio observatory that
is currently under construction near Summit station in Greenland and will consist of an
array of hundreds of radio antennas embedded in the glacial ice. The primary goal of
RNO-G is measuring astrophysical neutrinos with energies exceeding 10'® eV,

It recently analyzed signals from the sun and solar flares (cf. [11]).



The different antenna types in the RNO-G stations cover a bandwidth of 80 — 700 MHz
which overlaps with solar radio emission and have a sampling rate of 3.2 GHz. These
solar signals can be a possible contamination but can also be used as a calibration tool.
There are 35 stations planned on a square grid with interstitial spacing of 1.25km (cf.
Figure 4). Each station has its own independent neutrino detector and consists of 24
antennas. Moreover, each station combines long-periodic dipole antennas (LPDA) close
to the surface with fat-dipoles (Vpol) and quad-slot antennas (Hpol) on instrumented
rings down to 100 m below the surface [11].
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Figure 4: Planned station layout of RNO-G. The ”Big house ” stands for the main
building of Summit station. The light blue line represents the landing stripe for airplanes.
Figure taken from [24].



3 LOFAR

In this chapter, the LOw Frequency ARray and its CR observation mode are described,
as well as solar flare observations with LOFAR.

3.1 What is LOFAR?

Figure 5: Picture of the Superterp, the heart of the LOFAR core. There are 6 core
stations on a large circular plateau, as well as 3 additional stations visible. Figure taken
from [4].

The LOw Frequency ARray (LOFAR) (cf. [4]) is the world’s largest radio telescope, as it
consists of 52 stations distributed all over Europe and each station being a large antenna
field spanning over several hundred meters. 24 out of these stations form a dense core
in the Netherlands. The Superterp is a collection of 6 of the 24 core stations on a large
circular plateau (cf. Figure 5)[6]. There are in total 38 stations in the Netherlands,
6 stations in Germany, 3 stations in Poland and one station each in France, Ireland,
Lativa, Sweden and the United Kingdom. There are stations in Italy and Bulgaria soon
to be built (cf. Figure 7). The huge range of distances between the stations yield unique
capabilities for detailed images of the sky [25].

Primarily used for astronomical observations, it additionally detects Cosmic Rays (CRs)
by measuring the radio emission from extensive air showers in the 1016 eV to 10'¥5 eV
range which is precisely the expected transition region from galactic to extragalactic
CRs. The measured radio emission stems from the dominant geomagnetic effect and
the sub-dominant Askaryan-effect (cf. [6]).

LOfar Radboud air shower Array (LORA) is installed in the core of LOFAR in the
Netherlands. It contains 20 detector units that are located on a circular area with a
diameter of 320 m. The Superterp area is thus subdivided into five units, each containing



four detectors. The detectors are placed on circles with a radius of about 40 m around
a central electronics unit with a distance of 50 — 100 m between the detectors. One
detector unit consists of two pairs of scintillators and two Photo Multiplier Tubes
(PMTs) [26].

Figure 6: Map of all 52 LOFAR stations including the one in Italy and Bulgaria that
are soon to be build. Figure taken from [25].

3.1.1 Different LOFAR Stations

All the LOFAR stations contain antennas, digital electronics and local computing
resources. LOFAR stations are classified as either core, remote or international, cor-
responding to their distance from the center of the array and different antenna field
configurations (cf. Figure 6).

Core stations contain 96 Low-Band Antenna (LBA) and two times 24 High-Band
Antenna (HBA). These core HBA sub-stations can be used either as a single station or
separately as independent LOFAR stations. Remote stations have two times 48 LBAs
and 48 HBAs. Each core and remote station has 48 digital Receiver Units (RCUs),
which represent the beginning of the digital signal path and feature three distinct inputs
per board. For core and remote stations, two of these inputs are assigned to the 96
LBA dipoles and the remaining input is used for the 48 HBA tiles. The restriction of
LOFARL1.0 is that only one of these three inputs can be active at one time. That means
that 48 HBA tiles can be used at once, but only half of the 96 LBA dipole signals can
be processed at a given time. That is why LBA dipoles are grouped into ”LBA inner’
(inner circle) and "LBA outer” (outer annulus) configurations. These result in different
FoVs and can be selected by the observer during the observation specification process.
The international LOFAR stations consist of 96 LBAs, HBAs and RCUs each. The
additional RCUs provide a total of 192 digital signal paths such that the full set of
HBA tiles or LBA dipoles can be used at any given observation [4].

9



Core Station Remote Station International Station

Figure 7: Three different station layouts: Core station, Remote station and International
station. The large circles indicate LBA antennas, the array of small squares mark the
HBA tiles. The size of the stations can not be compared as they are shown on different
spatial scales. Figure taken from [4].

3.1.2 Antennas of LOFAR

As already mentioned in the chapter before, there are two types of antennas for LOFAR:
The Low-Band Antenna (LBA) and the High-Band Antenna (HBA). The LBAs are
utilized at the lowest frequencies. The frequency range is operationally set to 30—80 MHz
by default. The response below 30 MHz is suppressed by an analog filter.

Each LBA element is sensitive to two orthogonal linear polarizations which are detected
by using two copper wires that are connected at the top of the antenna to a molded
head containing a Low-Noise Amplifier (LNA). Each polarization has its own output,
hence two coaxial cables per LBA element run through the vertical PVC pipe on which
the molded head rests. The peak of the response curve is at 58 MHz.

The HBA frequency range is operationally limited to 110 — 240 MHz. The HBA design
clusters 16 antenna elements together into tiles which contain initial analog amplification
and a first stage of analog beam-forming. The single beam is then formed by combining
the signals from these 16 antennas in phase for a given direction on the sky. In
contrast to the effectively passive LBAs, since they require power but no active control
or synchronization, the HBAs include tile-level beam-forming and are subject to the
monitoring and control system MAC. The resulting signals are transported over coaxial
cables to the receiver unit, just like for the LBAs [4].

3.1.3 LOFAR2.0

LOFAR is currently upgraded to LOFAR2.0 (cf. [27]). Due to the fact that the HBA
data was not usable for the detection of CRs, the total CR mode uptime was below the
100 % duty cycle radio detection promises. The most important proposed change for
CR detection is the option to observe with unbeamformed HBA antennas and to have
multiple antenna sets available for each observation. This would allow simultaneous
measurement of LBAs and HBAs after the upgrade. As a result, it would provide access
to the 120 — 240 MHz band during each measurement. This would not only increase the
bandwidth and the uptime, but also provide a known observation time which makes it



possible to determine the observed CR flux. There will also be improvements made to
the network which will lead to more event readout and more frequent triggering.

In total, this upgrade will increase the total number of usable events, will provide more
information to the events (bandwidth, number of detectors) and will increase the energy
range in which it is possible to measure. As a result, that would lead to a high-quality
event catalogue to use for different analyses.

3.2 LOFAR Cosmic Ray Mode

LOFAR is capable of measuring in a frequency range of 10 — 240 MHz which corresponds
to wavelengths of 30 — 1.2m and has a large Field of View (FoV) due to effectively
all-sky coverage of the component dipoles [4].

The measurement of CRs happens in the background of regular, scheduled observations
of LOFAR. Radio data is continuously buffered by the antennas. If a CR is detected
which means it is triggered by the in-situ particle detector LORA, the buffers are frozen
and the data is read out. As long as the data outread does not happen that often (about
once per hour), there will be no interruption of the ongoing measurements [27].
LORASs main purpose is to trigger a read-out of LOFAR antennas to register extensive
air showers. The signals from the antennas are stored in a ring buffer (Transient Buffer
Board (TBB)). A triggered read-out will then send the raw data to a central processing
facility. For data taking, there is a coincidence trigger condition for three out of four
detectors set for each sub-array [26]. For every detected Cosmic Ray event, 2.1 ms of
radio data are stored [28].

The TBB provides access to a snapshot of the running data streams of the LBA or HBA
antennas. Each TBB can store 1 GB of data for up to 8 dual-polarized antennas either
before or after conversion to sub-bands. At station level, each TBB constantly runs
a monitoring algorithm on the incoming data-stream, which generates a continuous
stream of event data that is received [4].

3.3 Solar flare observations with LOFAR

LOFAR is well suited for studying active processes in the sun’s corona with its spectro-
scopic and imaging capabilities. For that purpose, a key science project named ”Solar
Physics and Space Weather with LOFAR” was founded [25].

LOFAR can achieve an angular resolution of a few 10 arcseconds. The limiting factor
is the scattering in the solar corona. By using the Superterp station, direct snapshot
imaging of radio emission of CMEs can be enabled. Moreover, it is possible to use a grid
of many tied-array beams to form maps of radio emission covering a broad area around
the sun. These maps may have a lower spatial resolution than the ones from direct
imaging, but they have the advantage of having a high time and frequency resolution
using the beam-formed mode. The types of radio bursts formed in the CME can be
easily determined via dynamic spectra.

There are also various analysis techniques that probe the solar wind and different solar
wind structures via observing the interplanetary scintillation. As a result, LOFAR
enables an observation of both, the solar corona and the interplanetary space with
unprecedented spatial and temporal resolution. The observation with LOFAR is
incomparable to other instruments (e.g. optical) regarding plasma processes in the
corona of the Sun and the solar wind. Through these observations, the concept of
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CMESs can be understood better, looking at its initiation, launch, development and
propagation through interplanetary space. This is very important for understanding
many aspects of Space Weather [4].
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4 Probability of Observation

In this chapter, the number of expected LOFAR events during solar flares for the years
2012 — 2024 is calculated and the results are further investigated.

4.1 Calculation of the Probability

The goal is to calculate the number of expected LOFAR events during daytime solar
flares for the years 2012 — 2024. To find potential timeframes with strong solar activity
in which we expect radio emission, we use data from GOES of the past years and search
for all the flares that are above a threshold flux of 10~4 % The times when the flares
begin or stop are defined as the times when the measurement points meet an arbitrary
threshold of 10~° % All the GOES data flare candidates that were found are shown in
subsection A.1

We make the assumption that the number of solar flares in one year and the number of
LOFAR events of that year are stochastically independent. Moreover, we assume that
the LOFAR events are uniformly distributed.

Furthermore, we define daytime as the time where the sun at the LOFAR location is
more than 5° above the horizon. Then, the total daytime Tiqia of one respective year
can be calculated.

As already mentioned in subsection 3.2, the time of one LOFAR event is teyent = 2.1 ms.
With that, the number of 2.1 ms intervals in the daytime of one year can be calculated

to: T
total

Nintervall = ﬂ- (1)
tevent

Then, the probability for one event to happen at daytime in one year is

Nevent
Povent = ——— 2
even N intervall ( )
with Neyent being the number of LOFAR events during daytime in one specific year.

Now, the expected number of event matches can be calculated with

Thar
Nexp = Pevent flare (3)

7fevent

with Thare being the total time of all solar flares of one specific year at daytime. We use
Thare instead of Thare + tevent as We assume that tevent << Thare- LThis is an appropriate
approximation, as the solar flares are minutes to hours long, while the LOFAR event
duration is only milliseconds.

In the following, an example calculation of the year 2012 is presented in detail.

The total daytime of the year 2012 was Tiotal = 3.15 - 1012 ms. Then, the number of
2.1 ms intervals in the daytime of that year can be calculated as follows:

3.15- 10 ms
Ninterval = Tms =1.50- 1010- (4)

The number of LOFAR events in 2012 is Neyent = 1114. Then the probability for one
event to happen at daytime in 2012 can be calculated to

1114

— -8

P, event —

12



The total time of daytime solar flares 2012 is Thare = 2.55 - 107 ms based on the GOES
data. The number of expected matches for 2012 results in

g 2.55-107ms

N, =7.43-10"
exp, 2012 7.43 0 2 11ms

= 0.90. (6)

The calculated expected matches of the years 2012 — 2024 are listed in the following
table:

Year N, exp Nactual

2012 | 0.90 £ 0.95 8
2013 | 0.51+£0.72 2
2014 | 1.09+1.04 4
2015 | 0.39 £ 0.62 0
2016 | 0.07 £0.27 0
2017 | 1.36 £ 1.17 10
2018 0£0 0
2019 00 0
2020 0£0 0
2021 | 0.01 £0.08 0
2022 | 0.02£0.16 0
2023 0=+ 0.06 0
2024 | 0.38 £ 0.62 0

Table 1: Calculated expected number of LOFAR event matches for the years 2012 — 2024.
Nactual 18 the actual number of matches.

The uncertainty of the expected numbers in Table 1 can be calculated with

onN = \/Nexp- (7)

We use Poisson statistics since we have low numbers of events which excludes the usage
of a Gaussian distribution.

Furthermore the number of expected LOFAR event matches for the time period of
2012 — 2024 can be calculated by summing up the expected numbers of Table 1 to

Nexp’ tot — 474 :l: 218

Therefore, the uncertainty was calculated by

2024 2024
2
ON, tot = E (UN,i) = 5 Nexp, i =\ ]Vexp7 tot. (8)
i=2012 1=2012

with Nexp, i being the expected value and oy, ; the respective uncertainty of year 7 of
Table 1.
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4.2 Discussion of the Probability Results

Figure 8 shows the expected and measured numbers of LOFAR event matches of Table 1
for the different years. It is clear that the numbers match for the years 2018 — 2020
since we did not find any matches or solar flare candidates in these years.

The measurement points of the years 2015 — 2016 as well as 2021 — 2024 are contained
in the error interval of the expected values. We notice that there are more matches
measured in the years 2012 — 2014 and 2017 than expected. The actual numbers in
these years are more than 5 ¢ bigger than the calculated ones. This can have multiple
reasons. We assumed that the LOFAR events are evenly distributed over one year which
is not the case due to LOFAR downtime. In reality, the LOFAR uptimes are more
irregular than we assume in our calculation. At a time period of high activity of the
sun, this has a great impact on the values, since we then either miss or detect the solar
flares that happen at that time.

In addition to that, we often found multiple events during one specific flare. These
events then counted each as a match. That occurrences may not be well ”covered” in
our probability distribution which could lower the expected values. A calculation per
month would have been more precise, because of the irregular measurement times of
LOFAR. In the time period of this thesis, this was, however, not possible.

It may be the case that LOFAR has dedicated solar observations when a flare happens.
Then we would expect more LOFAR matches with daytime solar flares.

Furthermore, we have to take into account that not all matches that were actually
found have to stem from the sun, but there can also be the coincidence of measuring
for example a CR signal and then interpreting it as a solar flare match.

It is important to look at the threshold flux that was set for finding solar flare candidates
with the GOES data. If we had picked a lower threshold, there would have been more
flares considered and the number of matches would have been higher and vice versa.
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Figure 8: Expected and measured number of LOFAR event matches with solar flares
during one specific year on daytime.

14



5 Identifying Solar Flares

In this chapter, all LOFAR event matches with solar flares during daytime will be
examined. We made dynamic spectra plots, interferometric sky maps and looked for
structures in the time domain data. For all the plots and data collection from LOFAR,
the python framework NuRadioReco was used [29].

5.1 Searching for Solar Flares in LOFAR Data
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Figure 9: Plot of the measured flux over the time for september 2017 created with
XRS-B data from the GOES satellites. The right axis shows the classification of each
solar flare. The green points are the peaks above the threshold. The orange/blue points
mark the beginning/stop of the flare.

As already explained in subsection 4.1, we used the data of the GOES satellites to search
for the solar flares that happened during the years 2012 — 2024. We set a threshold flux
of 1074 % for the peaks of the solar flares. With that, regarding the classification of
solar flares (subsection 2.2), we limit the analysis to type X solar flares since this kind
of flares create long-lasting radiation storms and have the highest peak strengths (cf.
[12]). The condition for a solar flare to begin or stop was defined to be at the times
when the measurement points meet an arbitrary threshold of 10~° % An example
plot for September 2017 is shown in Figure 9. Some data dropouts may occur during
instrument calibrations or satellite eclipses when the earth or the moon is between the
satellite and the sun, especially during spring and fall (cf. [30]). Since the minima in
the plot happen in equidistant intervals once per day, the reason may be an eclipse.

We did not find any solar flare candidates for the years 2018 — 2020. In 2016, only one
possible solar flare happened (cf. Table 6), in 2021 only two (cf. Table 8). This has
something to do with the solar cycle described in subsection 2.3. Compared to Figure 2,
it makes sense that we did not measure any solar flares for 2018 — 2020 since the activity
of the Sun was at its minimum. 2016, the activity settled back to the minimum. In
2021, the activity began to increase again. We found 49 solar flare candidates for the
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year 2024 since that was the year when the next solar cycle began (cf. Table 11 and
Table 12).

Then we compared the LOFAR events to the flare times in those years. We found a
number of matches with the solar flare candidates during daytime. These matches are
listed in Table 13. Unfortunately, not all the LOFAR matches found were actually LBA
events and our software does not allow to process HBA data currently. That is why
only a part of the matches could be investigated. Now, the question is, if we actually
see “something” in our LOFAR data.

5.2 Dynamic Spectra

In order to know if we actually see a solar flares structures in the LOFAR events that
matched with solar flare times during daytime, we make dynamic spectra of these
events.

5.2.1 Methods

We start with taking the raw signal (raw times, raw voltages). The voltage is a three-
dimensional vector. We define the total voltage Vioia as the sum of all components of
the vector. Then we calculate

V = Viotal — <‘7total> (9)

with (ﬁotaﬁ being the mean value of the voltage components.

The sampling rate is 200 MHz. We bin our time and voltage values with a window
width of 640 ns.

Then the x-axis values represent the mean time of each block. Moreover, we calculate
the Discrete Fourier Transformation of the binned voltages to get the spectrum S:

N-1
S(f) = Z Vbinned(t) - €Xp <_i : QWT( : f : t> (10)
n=0

with f =0,.., N — 1. Then we determine the amplitude A by calculating the absolute
value of S(f).
Furthermore, we calculate the median M of the amplitude A over the time axis. The
median over the time axis gives the typical noise spectrum per frequency.
Now we can divide the amplitude by the median to get the spectral excess above the
median:

Excess = A (11)

M

The excess clarifies how strong the signal is in comparison to the background.
Then, we transform the values into Decibels by using the following formula:

Excess [dB] = 20 - In(Excess) (12)

5.2.2 Discussion of the Results

We did not see anything noticeable in all the dynamic spectra except the one from
09/10/2017 at 15 : 55 : 33 UTC. All the other dynamic spectra are shown in subsec-
tion A.3. It has to be said that the time of recording the event is only a few minutes
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away from the peak of the flare (cf. Table 13). Figure 10 (a) shows the dynamic spectra
of the event on 09/10/2017 at 15 : 55 : 33. Compared to a test event (b) of a CR,
there is a broad signal visible that extends over the whole event at a frequency range of
approximately 60 — 70 MHz which may be the solar flare.

The flare of September 10, 2017 was in fact the second largest flare of the solar cycle

4 (cf. [31]). The flare is also visible in Figure 9, which classifies it as a type X solar
flare. The solar flare is associated with a very fast CME, talking about a velocity of
(3,038 + 288) kTm The flare and the CME happened at the western solar limb, looking
at it from the perspective of the earth [31].
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Figure 10: a) Dynamic spectrum plot based on the voltages of the LOFAR event on
09/10/2017 at 15 : 55 : 33 UTC. b) Test event (CR event) on 12/05/2012 at 05 : 16 : 44
UTC.
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We also made a plot based on a sliding window view (cf. Figure 11). A sliding window
slides across all dimensions of an array and extracts subsets of the array at all window
positions. We chose a window size of 512 ns and a step size of 20ns . Here, the possible
solar flare signal and its limitation are better visible. It covers a frequency band of
approximately 59 — 73 MHz. There are more structures observable, too. In a few of the
structured regions, the spectral excess reaches up to approximately 12 dB.
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Figure 11: Dynamic spectrum plot with using a sliding window of the LOFAR event on
09/10/2017 at 15 : 55 : 33 UTC.

In order to be sure that our observations have something to do with the solar flare
of 09/10/2017, we can compare it to the data of other observatories. The Royal
Observatory of Belgium/HUMAIN collected some data about this flare and made a
dynamic spectrum in a frequency band of 45 — 437 MHz (cf. Figure 12). There is a
signal visible at approximately 50 — 80 MHz which would match our observation.

The e-Callisto in Austria-Unigraz also collected data and made a dynamic spectrum at
a frequency band of 45 — 80 MHz which is suited better to compare with our data. They
observed a really bright signal at around 15 : 55 UTC which matches exactly with our
event (cf. Figure 13). This signal covers a frequency band of approximately 60 — 80 Mz
which again goes perfectly with our data.

Finally, we can compare our data to the Irish and the core LOFAR station. Looking
at the time of approximately 15 : 55 in Figure 14, it becomes apparent that the signal
covers again a frequency band of about 55 — 80 MHz at that time. It was found that
the majority of the observed radio emission of the flare consists of herringbones, among
other radio structures. Moreover, three groups of herringbones were identified (cf. lower
image in Figure 14). The first group of herringbones starts at 15 : 59 : 10 UT and
covers a frequency range of 30 — 50 MHz. The herringbones themselves have a duration
of up to 2s. It contains the brightest shock signatures at low frequencies of the flare.
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The second group of herringbones includes shorter herringbones (up to 1.5s). The
herringbones occur more frequently and in larger numbers compared to the first group,
but the frequency range is the same. The third group shows the structure of a type 11
burst. It consists of two emission lanes, one at the fundamental (30 MHz) and one at
the harmonic plasma frequency (60 MHz) [31].
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Figure 12: Dynamic spectrum of the Royal Observatory of Belgium/HUMAIN for the
flare on 09/10/2017. The green line was added and represents the time of our LOFAR
event on 09/10/2017 at 15 : 55 : 33 UTC. Figure adapted from [32].
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Figure 13: Dynamic spectrum plot of the e-Callisto observatory in Austria-Unigraz
for the flare on 09/10/2017. The green line was added and represents the time of our
LOFAR event on 09/10/2017 at 15 : 55 : 33 UTC. Figure adapted from [33].
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Figure 14: The upper figure shows the dynamic spectrum of the Irish LOFAR station for
the flare on 09/10/2017. The lower figure shows high-resolution LOFAR core dynamic
spectra of the fine-structured radio shock signatures called herringbones. The green line
was added and represents the time of our LOFAR event on 09/10/2017 at 15 : 55 : 33
UTC. Figure adapted from [31].
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5.3 Interferometric Sky Map

It is important to know now if the signals of the LOFAR events actually stem from the
sun. Therefore, we use interferometric sky maps. For the creation of the interferometric
sky maps, the NuRadioReco beamformer module was used ([34], [35]).

5.3.1 Methods

We start with defining our coordinate system. The number of all antennas is N. The
position of the n-th antenna is given by the vector:

rh = ('rna Yn, Zn) (13)

These coordinates are defined relatively to the center of the station.
Now we need a unit direction vector that points at a certain point in the sky:

sinf - cos¢g
§= | sinf - sing (14)
cosf

¢ is the azimuthal angle and 6 is the zenith angle (0° mean vertically upwards).

We assume that the signal of the solar flare propagates as a plane wave signal. Due
to the spatially distributed antennas, there is a geometric delay. That means that the
signal reaches antenna A earlier than antenna B. The time delay can be calculated by
dividing the additionally needed way for the signal to reach antenna n by the speed of
light:

(3) = T"C' i (15)
Next, we calculate the Fourier Transformation of the time series for each antenna:
FFT
Zn(t) — Xpn(v) (16)

A shift in time corresponds to a phase shift in the frequency. In order to shift our signal
of antenna n in a way that it is in phase with our reference point, we multiply it by a
phase factor wy,:

wn (v, §) = exp(—i- 2w - v -1, (5)) (17)

Furthermore, we sum up all phase-corrected signals of all N antennas. The total signal
for one specific frequency and one direction is then given by:

N
Sv,8) =) Xn(v) - w(v,3) (18)
n=1

If we look directly into the direction of the Sun and the signal stems from the Sun, the
waves interfere constructively. Otherwise, destructive interference happens.

What we finally need is the intensity. Therefore, the power has to be calculated. We
additionally sum over the frequency channels to suppress noise:

P(3)=) |53 (19)
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5.3.2 Discussion of the Results

Figure 15 confirms that the signal of the LOFAR event on 09/10/2017 at 15 : 55 : 33
UTC actually came from the sun. The direction of the signal was identified to be at
0 =71.6° and ¢ = 196.0°. The direction is the same for all stations (cf. Figure 16). The
sky maps of Figure 15 and Figure 16 are made with a high resolution (1 ° resolution).
We also created interferometric sky maps of the remaining LOFAR events which are
listed in subsection A.4. These plots have been made with a lower resolution (2°
resolution). The signals of 6 of the remaining 11 LOFAR events seem to stem from the
sun, as the signals’ peak position match the position of the Sun. Five of them belong to
the same flare on 07/19/2012. Unfortunately, the dynamic spectra of these events do
not show any structure, thus we cannot distinguish them from non-solar flare events.
However, the sun can still be active without flaring, so we either just do not see a flare
in our dynamic spectra and our frequency bandwidth or it may be another signal from
the sun.
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CR: zen=71.8°, az=196.0°

Normalized Power

Station CS001 - Event 242754933
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90°
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Figure 15: Interferometric sky map for station CS001 for the event on 09/10/2017. The
position of the sun matches with the direction of the signal.
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Figure 16: Remaining Interferometric sky maps for the other LOFAR stations of the
LOFAR event on 09/10/2017 at 15 : 55 : 33 UTC.
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5.4 Time Domain

In this chapter, we want to look for structures in the time domain data of the LOFAR
event on 09/10/2017 at 15 : 55 : 33 UTC.

5.4.1 Methods

The goal is to plot the beamformed time trace towards the peak direction. Therefore, we
need to include the geometric delay of the antennas (explained in subsubsection 5.3.1).
We calculate the beamformed spectrum as we do for the interferometric sky maps. Then
we need to go back into the time domain. Therefore, we determine the inverse Fourier
Transformation of the beamformed spectrum for each station to get the beamformed
trace of the signal.

But we also need to include the geometric delay of the stations. This is the same
principle as for the antennas, but on a wider scale (larger distances).

Then we can plot the beamformed trace over the time in ns.

In order to determine the correlation of the signals of different antennas or stations, we
can take a look at the correlation function.

The cross-correlation function can be calculated with:

N-1

Coy(r) = Y milt) - yi_y (1) (20)

=0

with 7 being a time delay between the two signals and k = —(M —1),...,(N —1), N
is the length of z and M is the length of y. x(t) and y(t) are either the beamformed
traces of station A and station B or the raw traces of antenna A and antenna B.

5.4.2 Discussion of the Results

Compared to a non-solar flare test-event, we note that the time domain data of the
solar flare on 09/10/2017 at 15 : 55 : 33 UTC shows a "pulsed” structure (cf. Figure 18
and Figure 17). The remaining time domain plots of the other stations are shown in
subsection A.5.

In order to know the exact correlation between our station signals, we calculate the
cross - correlation function of the beamformed traces of station CS001 and station
CS002. Figure 20 (a) shows that there is not much correlation between the signals.
However, Figure 20 (b) reveals that the signals correlate more for the time delay that
results from the geometric delay of the signal with respect to the Sun, since it lies on a
side maxima of the correlation function.

We also calculated the cross-correlation function of the raw traces of one antenna of
station CS001 and one antenna of station CS002. This again shows that the signals
correlate more for the geometric delay of the antennas.
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Figure 17: Time domain plots of station CS001 and CS002 of the LOFAR event on
09/10/2017 at 15 : 55 : 33. There are additionally 7 ”zoom-ins” of the data and one
around the peak of the data which is marked in red.
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Figure 18: Plot of the time-domain data of a test event (CR event) on 12/05/2012 at

05:16:44 UT
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Figure 19: Waveforms for one event recorded in RNO-G during the September 29, 2022

solar flare. Figure taken from [11].
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Figure 20: Calculated cross-correlation function of the beamformed traces of station
CS001 and CS002. (a) shows the entire cross-correlation function, (b) shows a selected
part of it. The red line is the geometric delay of the two stations with regard to the
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Figure 21: Calculated cross-correlation function of the raw traces of one antenna in
station CS001 and one antenna in station CS002. (a) shows the entire cross-correlation
function, (b) shows a selected part of it. The red line is the geometric delay of the two
antennas with regard to the Sun.

In [11], it was found that recorded time-domain waveforms include among others,
dispersive effects from the ionosphere. The waveforms show a high correlation (cf.
Figure 19). For the low frequencies of RNO-G, dispersive delays across the band can
add up to several tens to hundreds of nanoseconds, depending on the state of the
ionosphere. We do not observe such a high correlation of the different LOFAR stations.
The ”"pulsed” structure of our signals may result from antenna effects or have the same
origin. This is, however, difficult to determine.
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6 Conclusion

The goal of this thesis was to determine if we detected solar flares in the LOFAR CR
mode in the years 2012 — 2024. Additionally, we wanted to determine the expectation
of LOFAR-event-matches with solar flares and analyze possible solar flare detections.
We started with examining the data of the GOES satellites of the time period of
2012 — 2024. Therefore, we searched for all the solar flare candidates that reached or
surpassed a threshold flux of 104 % We did not find any solar flares for the years
2018 — 2020 since the activity of the sun was at its minimum (cf. Figure 2). The number
of solar flare candidates found in the other years also correlated with the activity of the
Sun. We found 49 solar flare candidates for 2024 since the new solar cycle began in
that year.

The next step was to determine the number of LOFAR-event-matches with the daytime
solar flares of these years. We found that the number of expected LOFAR-event-matches
is lower than the actual number of matches. It turned out, that there are various reasons
for that. We assumed that the LOFAR events are evenly distributed over one year in our
calculation. In reality, this is not the case. There may be dedicated solar observations
with LOFAR which could explain a more than 5 ¢ deviation of the actual numbers in
comparison with the expected values. It has to be said that not all the found LOFAR
matches did in fact stem from the Sun or show solar flare signatures. Furthermore, the
choice of the threshold flux has a great influence on the expected values as well, since
the number of solar flares at a lower threshold would be much higher.

It has to be mentioned that we could not use all the LOFAR-event-matches that were
found for further data analysis, since not all were LBA events. After we found the
LOFAR-event-matches, we made dynamic spectra of each event. We found only one
event that showed solar flare structures - the LOFAR event on 09/10/2017 at 15 : 55 : 33
UTC. In fact, this event was from the second largest solar flare in the solar cycle 24 (cf.
[31]).

We compared the determined dynamic spectra of this event to data of other observatories
such as the Callisto telescopes HUMAIN and the one in Austria/Unigraz, as well as to
the data of the core and the Irish LOFAR station. We found that our data matched
really well with the data from the other observatories.

Furthermore, we determined interferometric sky maps of all the found LOFAR-event-
matches to determine the direction of the signals. Our event of 09/10/2017 at 15 : 55 : 33
did in fact stem from the Sun, which proves together with the analysis of its dynamic
spectrum, that we detected a solar flare in CR mode. Additionally, we found that the
signal of 6 other LOFAR-event-matches stemmed from the Sun. Unfortunately, we are
not able to distinguish them from non-solar flare events since they did not show any
structure in the corresponding dynamic spectra.

Then, we examined the time domain data of our detected solar flare to look for any
noticeable structures. We did in fact find a ”pulsed” structure and a small correlation
for the geometric delay between the different station or antenna signals. This was
proven by the calculation of the cross-correlation function of the beamformed traces of
two stations and of the raw traces of two antennas of different stations.

In conclusion, we can say that we detected one solar flare - the second largest flare of
solar cycle 24 (cf. [31]) - while being in LOFAR CR mode in the last few years. This
may have been a serendipitous detection. But looking at the fact that we could not
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use many of the LOFAR-event-matches with daytime solar flares due to the fact that
they were no LBA events, this might change for the future. The upgrade LOFAR2.0
proposes to enable simultaneous measurements of LBA and HBA antennas. This would
provide us with a much wider frequency band and would increase the energy range in
which it is possible to measure (cf. [27]). In future work, this could be used to analyze
new data in a much more detailed way.
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Acronyms

Callisto Compound Astronomical Low frequency Low cost Instrument for Spectroscopy
and Transportable Observatory.

CME Coronal Mass Ejection.
CMEs Coronal Mass Ejections.
CR Cosmic Ray.

CRs Cosmic Rays.

FoV Field of View.

GOES Geostationary Operational Environmental Satellites.

GOES-XRS Geostationary Orbiting Environmental Satellites X-Ray Sensor.
HBA High-Band Antenna.

LBA Low-Band Antenna.

LNA Low-Noise Amplifier.

LOFAR LOw Frequency ARray.

LORA LOfar Radboud air shower Array.

NOAA National Oceanic and Atmospheric Administration.
PMTs Photo Multiplier Tubes.

RCUs Receiver Units.

RNO-G Radio Neutrino Observatory Greenland.
SEE Solar Eruptive Event.

TBB Transient Buffer Board.
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A  Appendix

A.1 Searching for Solar Flares with GOES

In the following tables, all solar flare candidates that were found between 2012 and 2024
with the GOES XRS-B data are listed.

Date ‘ thegin tend tpeak Flux of Peak [%]
01/23/2012 | 02:41:00 | 06:05:00 | 03:59: 00 1.26 - 10~
01/27/2012 | 18 :09:00 | 20:54:00 | 18:37:00 257104
03/05/2012 | 03:13:00 | 06 : 56 : 00 | 04 : 09 : 00 1.64-107%
03/07/2012 | 00:05:00 [ 04:02:00 | 00: 24 :00 7.79 .10~
03/10/2012 | 17:20:00 | 20:30:00 | 17 : 44 : 00 122104
03/13/2012 | 17:16:00 | 20:25:00 | 17:41:00 1.14-1074
07/06/2012 | 23:04:00 | 23:47:00 | 23: 08 : 00 1.61-1074
07/12/2012 | 16 : 14:00 | 20: 00 : 00 | 16 : 52 : 00 2.24.107%
07/19/2012 | 05:13:00 [ 09:19:00 | 05:58:00 1.12-1074
10/20/2012 | 18:09:00 | 18:36:00 | 18:14:00 1.30- 1074

Table 2: List of all solar flare candidates found in 2012 that are above a threshold flux
of 1074 % thegin is the time when the solar flare began, t.nq the time when it ended.
tpeak Tepresents the time when the flux was at its maximum. All times are UTC times.

Date ‘ thegin tend tpeak Flux of Peak [%]
05/13/2013 | 01:58:00 | 04:22:00 | 02:17: 00 25110~
05/13/2013 | 15:51:00 | 18:09:00 | 16 : 05: 00 4.11-10~*
05/14/2013 | 01:01:00 | 03:18:00 | 01:11: 00 4.64-10~4
05/15/2013 | 01:30:00 | 03:31:00 | 01 :48:00 1.85-10~*
10/24/2013 | 00 : 00 : 00 | 00 :49:00 | 00 : 30 : 00 1.34-1074
10/25/2013 | 07 : 56 : 00 | 08 : 59 : 00 | 08 : 01 : 00 2.49-1074
10/25/2013 | 14:53:00 | 16 : 27:00 | 15: 03 : 00 3.05-107%
10/28/2013 | 01:45:00 | 02:39:00 | 02:03:00 1.47-1074
10/29/2013 | 21:46:00 | 22:33:00 | 21 :54: 00 3.37-1074
11/05/2013 | 22:10:00 | 22:23:00 | 22:12:00 4.93-10~*
11/08/2013 | 04 :23:00 | 04:38:00 | 04 : 25: 00 1.62-1074
11/10/2013 | 05:10:00 | 05:30:00 | 05: 14 : 00 1.62-107%
11/19/2013 | 10:17:00 | 11:22:00 | 10: 26 : 00 1.49-1074

Table 3: List of all solar flare candidates found in 2013 that are above a threshold flux
of 1074 % thegin is the time when the solar flare began, tenq the time when it ended.
tpeak Tepresents the time when the flux was at its maximum. All times are UTC times.
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Date ‘ tbegin Z‘Eend tpeak Flux of Peak [%]

01/01/2014 | 18:44:00 | 21:18:00 | 18:52: 00 1.42.10~4
01/07/2014 | 10:10:00 | 11:01:00 | 10:13: 00 1.04-1074
01/07/2014 | 18 :09: 00 | 20:05: 00 | 18 :32: 00 1791074
02/25/2014 | 00:42:00 | 03:06:00 | 00 : 49 : 00 7.13-107*
03/12/2014 | 22:31:00 | 23:21:00 | 22:34: 00 134104
03/29/2014 | 17:44:00 | 18 : 07:00 | 17 : 48 : 00 1451074
04/18/2014 | 12:45:00 | 13:49:00 | 13:03: 00 1.05-1074
04/25/2014 | 00:20: 00 | 01:45:00 | 00 : 27 : 00 1.99-1074
06/10/2014 | 11:39:00 | 11:52:00 | 11:42: 00 3.17-1074
06/10/2014 | 12:40: 00 | 13:50:00 | 12:52: 00 2.22.1074
06/11/2014 | 09: 01: 00 | 09:23:00 | 09 : 06 : 00 1.43.1074
09/10/2014 | 17:24:00 | 21:11:00 | 17 : 45 : 00 2.39 1074
10/02/2014 | 17:29:00 | 19:45:00 | 19: 01 : 00 1.05-1074
10/19/2014 | 04:18:00 | 07:39:00 | 05: 03 : 00 1.58 1074
10/22/2014 | 01:31:00 | 03:25:00 | 01:59: 00 1.26-1074
10/22/2014 | 14:05:00 | 16:12:00 | 14 : 28 : 00 2.39 .10~
10/24/2014 | 21:08:00 | 23:59:00 | 21 : 41 : 00 459104
10/25/2014 | 16:29:00 | 19:38:00 | 17: 08 : 00 1501074
10/26,/2014 | 10:36: 00 | 12:27:00 | 10 : 56 : 00 2.88-10~*
10/27/2014 | 00:07:00 | 01:00:00 | 00 : 34 : 00 1.03-1074
10/27/2014 | 14:16:00 | 16: 36 : 00 | 14 : 47 : 00 2.96 - 10~
11/05/2014 | 09 :40:00 | 10:12:00 | 09 : 47 : 00 1.14 104
11/07/2014 | 16 : 56 : 00 | 19:16: 00 | 17 : 25 : 00 2.30 - 1074
12/17/2014 | 04:30:00 | 06:25:00 | 04 : 51 : 00 1.25-1074
12/20/2014 | 00:15:00 | 04:13:00 | 00 : 27 : 00 2.70 - 104

Table 4: List of all solar flare candidates found in 2014 that are above a threshold flux

of 1074 W, t1eein is the time when the solar flare began, tenq the time when it ended.
m g

tpeak Tepresents the time when the flux was at its maximum. All times are UTC times.

Date ‘ thegin tond Lpeak Flux of Peak [%]
03/03/2015 | 01:28:00 | 02:06:00 | 01:35:00 1.18-1074
03/07/2015 | 21:57:00 | 23:59:00 | 22:22: 00 1.33-10~4
03/11/2015 16:15:00 | 17:11:00 | 16:21:00 3.15-10%
05/05/2015 | 22:07:00 | 22:37:00 | 22:11:00 3.93-107*
06/26/2015 | 08 :11:00 | 11:00:00 | 08 : 16 : 00 1.13-1074
09/28/2015 | 14:54:00 | 15:25:00 | 14 : 58 : 00 1.09-1074

Table 5: List of all solar flare candidates found in 2015 that are above a threshold flux
of 1074 % thegin is the time when the solar flare began, tenq the time when it ended.
tpeak represents the time when the flux was at its maximum. All times are UTC times.
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Date ‘ tbegin ‘ tend ‘ tpeak ‘ Flux of Peak [%]

07/23/2016 | 05:10:00 | 05:51:00 | 05:16:00 |  1.09-10~*

Table 6: Solar flare candidate that was found in 2016 above a threshold flux of 10~* %
thegin i the time when the solar flare began, tcnq the time when it ended. #,c,1 represents
the time when the flux was at its maximum. All times are UTC times.

Date ‘ thegin tend tpeak Flux of Peak [%]
09/06/2017 | 09:20:00 | 11:35:00 | 09 : 27 : 00 1.10-107*
09/06/2017 | 11:53:00 | 18:09:00 | 12:02:00 1.34-1073
09/07/2017 | 10:14:00 | 10:23:00 | 10:15:00 1.09-107*
09/07/2017 | 14:31:00 | 15:58:00 | 14 : 36 : 00 1.99-10~*
09/08/2017 | 07 :44:00 | 08:30:00 | 07 :49: 00 1.16-107*
09/10/2017 | 15:47:00 | 22:32:00 | 16 : 06 : 00 1.19-1073

Table 7: List of all solar flare candidates found in 2017 that are above a threshold flux

of 1074 W tpeein is the time when the solar flare began, tonq the time when it ended.
m g

tpeak Tepresents the time when the flux was at its maximum. All times are UTC times.

Date ‘ thegin ‘ tend ‘ tpeak ‘ Flux of Peak [%]
07/03/2021 | 14:26:00 | 14:42:00 | 14:29: 00 1.59-10~*
10/28/2021 | 15:27:00 | 16:26:00 | 15 : 35 : 00 1.00 - 10~

Table 8: Solar flare candiates found in 2021 that are above a threshold flux of 10~% %
thegin 1S the time when the solar flare began, tcnq the time when it ended. #,c1 represents
the time when the flux was at its maximum. All times are UTC times.

Date ‘ thegin tend tpeak Flux of Peak [%]
03/30/2022 | 17:29:00 | 18:20:00 | 17:37:00 1.38-107*
04/17/2022 | 03:24:00 | 05:04:00 | 03 :34: 00 117107
04/20/2022 | 03:52:00 | 04:16:00 | 03 :57: 00 2.25-1074
04/30/2022 13:42:00 | 13:55:00 | 13:47:00 1.13-1074
05/03/2022 | 13:21:00 | 13:45: 00 | 13: 25 : 00 1.13- 10
05/10/2022 | 13:53:00 | 14:06:00 | 13:55:00 1.51-10~%
10/02/2022 | 20:04: 00 | 20:59:00 | 20 : 25 : 00 1.06 - 10~

Table 9: List of all solar flare candiates found in 2022 that are above a threshold flux
of 1074 % thegin is the time when the solar flare began, tenq the time when it ended.
tpeak Tepresents the time when the flux was at its maximum. All times are UTC times.
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Date ‘ tbegin Z‘Eend tpeak Flux of Peak [%]

01/06/2023 | 00:54:00 | 01:51:00 | 00: 57 : 00 1.22.104
01/09/2023 | 18:44:00 | 19:19:00 | 18: 50 : 00 1.98-104
01/10/2023 | 22:45:00 | 22:55:00 | 22: 47 : 00 1.06- 104
02/11/2023 | 15:44:00 | 16 : 06 : 00 | 15 : 48 : 00 1.16- 104
02/17/2023 | 19:55:00 | 23:59:00 | 20 : 16 : 00 2.28 1074
03/03/2023 | 17:48:00 | 18:53:00 | 17:52: 00 2.07-1074
03/29/2023 | 02:29:00 | 03:03:00 | 02:33:00 1.27-104
07/02/2023 | 23:02:00 | 23:59:00 | 23: 14 : 00 1.07-104
08/05/2023 | 21:57:00 | 23:59:00 | 22:21: 00 1.62- 104
08/07/2023 | 20:34:00 | 22:44:00 | 20 : 46 : 00 1.50- 104
12/14/2023 | 16 :55:00 | 19:20: 00 | 17 : 02 : 00 2.84-1074
12/31/2023 | 21:38:00 | 23:28:00 | 21 : 55 : 00 4.96-1074

Table 10: List of all solar flare candidates found in 2023 that are above a threshold flux

of 1074 Wt} enin is the time when the solar flare began, tenq the time when it ended.
m g

tpeak Tepresents the time when the flux was at its maximum. All times are UTC times.
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Date ‘ tbegin tend tpeak Flux Of Peak [%]

02/09/2024 | 12:59:00 | 15:43:00 | 13:14: 00 3.35-10~*
02/16/2024 | 06:49: 00 | 07: 06: 00 | 06 : 53 : 00 2.53- 1074
02/21/2024 | 22:59:00 | 23:39:00 | 23: 07 : 00 1.88-1074
02/22/2024 | 06:27:00 | 07:37:00 | 06 : 32 : 00 1.69-107*
03/23/2024 | 01:07:00 | 04:32:00 | 01 : 33 : 00 1.11-10~4
03/28/2024 | 20:36:00 | 21:47:00 | 20 : 56 : 00 1.11-10~*
05/05/2024 | 05:54:00 | 06:45:00 | 06 : 01 : 00 1.31-10~4
05/05/2024 | 11:43:00 | 13:13:00 | 11:54: 00 1.28-10~*
05/06/2024 | 05:18:00 | 08:41:00 | 06 : 35 : 00 4.47-1074
05/08/2024 | 01:37:00 | 01:58:00 | 01 : 41 : 00 1.07-10~*
05/08/2024 | 03:15:00 | 13:47:00 | 05: 09 : 00 1.03-1074
05/08/2024 | 21:04:00 | 23:59:00 | 21 :40 : 00 1.01-10~*
05/09/2024 | 08:23:00 | 11:32:00 | 09 : 13 : 00 2.23-1074
05/09/2024 | 17:42:00 | 19:46: 00 | 17 : 44 : 00 1.11-1074
05/10/2024 | 06:19:00 | 10:52: 00 | 06 : 54 : 00 3.94-107*
05/11/2024 | 01:10:00 | 03:21:00 | 01 :23: 00 5.83-10~*
05/11/2024 | 11:11:00 | 13:41:00 | 11 :44 : 00 1.52-10~*
05/12/2024 | 16:14:00 | 16:57: 00 | 16 : 26 : 00 1.01-10~4
05/14/2024 | 01:33:00 | 03:12:00 | 02: 09 : 00 1.70- 1074
05/14/2024 | 12:45:00 | 13:29:00 | 12:55 : 00 1.24-1074
05/14/2024 | 16 :46: 00 | 20:18:00 | 16 : 51 : 00 8.71-10~*
05/15/2024 | 08:21:00 | 16:45: 00 | 08 : 37 : 00 3.45-10~*
05/15/2024 | 08:21:00 | 16:45: 00 | 14 : 38 : 00 2.96 - 10~
05/27/2024 | 06:57:00 | 10:00: 00 | 07 : 08 : 00 2.87 1074
05/29/2024 | 14:04:00 | 19:20: 00 | 14 : 37 : 00 1.43.10~4
05/31/2024 | 21:59:00 | 22:35:00 | 22: 03 : 00 1.17-10~*
06/01/2024 | 08:42:00 | 09:50: 00 | 08 : 48 : 00 1.41-10~4
06/01/2024 | 18 :31:00 | 21:53:00 | 18 : 36 : 00 1.02-10~*
06/10/2024 | 09 :47:00 | 12:26: 00 | 11 : 08 : 00 1.54 1074
07/14/2024 | 02:28:00 | 03:41:00 | 02:34: 00 1.26 - 10~
07/16/2024 | 13:18:00 | 14:29:00 | 13 : 26 : 00 1.98-1074
07/29/2024 | 02:32:00 | 03:01:00 | 02: 37 : 00 1.55- 1074
08/05/2024 | 13:28:00 | 15:13:00 | 13: 40 : 00 172104
08/05/2024 | 15:19:00 | 15:36: 00 | 15: 27 : 00 1.16 - 10~*
08/08/2024 | 19:18:00 | 20:55: 00 | 19 : 35 : 00 1.29 104
08/14/2024 | 06:06: 00 | 08 : 01 : 00 | 06 : 40 : 00 1.10- 1074

Table 11: List of all solar flare candidates found in 2024 until the end of august that
are above a threshold flux of 10™* % thegin is the time when the solar flare began, tenq
the time when it ended. #,c,; represents the time when the flux was at its maximum.
All times are UTC times.
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Date ‘ tbegin Z‘Eend tpeak Flux of Peak [%]

09/12/2024 | 09:36:00 | 10:34:00 | 09 : 43 : 00 1291074
09/14/2024 | 15:16:00 | 18 :01:00 | 15:29 : 00 4.49 .10~
10/01/2024 | 22:07:00 | 23:45:00 | 22:20: 00 7.08-107*
10/03/2024 | 12:12:00 | 18:02:00 | 12: 18 : 00 8.96 - 10~
10/07/2024 | 18:18:00 | 23:59:00 | 19: 13 : 00 2.17-10~*
10/09/2024 | 01:35:00 | 04:23:00 | 01 : 56 : 00 1.83.1074
10/09/2024 | 15:44:00 | 16:00: 00 | 15 : 47 : 00 1421074
10/24/2024 | 03:38:00 | 08:50:00 | 03:57: 00 3.30-107*
10/26,/2024 | 06 :02:00 | 13:42:00 | 07 : 19 : 00 1.85-1074
10/31/2024 | 21:07:00 | 23:21:00 | 21:20: 00 2.01-10~*
11/06/2024 | 13:31:00 | 16:17:00 | 13 : 40 : 00 2.37-107*
12/08,/2024 | 09 :01:00 | 09:25:00 | 09 : 06 : 00 2.27-107*
12/29/2024 | 04:18:00 | 11:35:00 | 07 : 17 : 00 1131074

Table 12: List of all solar flare candidates found from september 2024 until the end of
2024 that are above a threshold flux of 1074 % thegin is the time when the solar flare
began, tcng the time when it ended. ¢ represents the time when the flux was at its
maximum. All times are UTC times.
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A.2 LOFAR matches

Date ‘ tlofar ‘ tbegin tend tpeak Flux of Peak [%]
07/19/2012 | 05:27:12 | 05:13:00 | 09:19:00 | 05:58:00 1.12-107*
07/19/2012 | 05:35:18 | 05:13:00 | 09:19:00 | 05:58:00 1.12-10*
07/19/2012 | 05:36:48 | 05:13:00 | 09:19:00 | 05:58: 00 1.12-107*
07/19/2012 | 05:42:32 | 05:13:00 | 09:19:00 | 05:58:00 1.12-107*
07/19/2012 | 05:57:04 | 05:13:00 | 09:19:00 | 05:58: 00 1.12-10~*
07/19/2012 | 06 :02:25 | 05:13:00 | 09:19:00 | 05:58:00 1.12-107*
07/19/2012 | 06 : 14 :20 | 05:13:00 | 09:19:00 | 05:58: 00 1.12-107*
07/19/2012 | 06:17:33 | 05:13:00 | 09:19:00 | 05:58:00 1.12-10*
10/25/2013 | 15:27:59 | 14:53:00 | 16 :27:00 | 15: 03 : 00 3.05-1074
10/25/2013 | 15:51:39 | 14:53:00 | 16:27:00 | 15:03: 00 3.05-107%
10/19/2014 | 06:40:22 | 04:18:00 | 07:39:00 | 05:03:00 1.58-10~*
10/19/2014 | 07:35:26 | 04:18:00 | 07:39:00 | 05: 03 : 00 1.58- 1074
10/22/2014 | 14:26:16 | 14:05:00 | 16:12:00 | 14:28: 00 2.39-1074
10/27/2014 | 14:24:32 | 14:16:00 | 16 : 36 : 00 | 14 :47:00 2.96 - 10~*
09/06/2017 | 12:07:10 | 11:53:00 | 18:09:00 | 12:02: 00 1.34-1073
09/06/2017 | 17:29:15 | 11:53:00 | 18:09:00 | 12:02: 00 1.34-1073
09/06/2017 | 18:08:42 | 11:53:00 | 18:09:00 | 12:02: 00 1.34-1073
09/10/2017 | 15:55:33 | 15:47:00 | 22:32:00 | 16: 06 : 00 1.19-1073
09/10/2017 | 16 : 48 : 18 | 15:47:00 | 22:32:00 | 16 : 06 : 00 1.19-1073
09/10/2017 | 16 : 58 : 07 | 15:47:00 | 22:32:00 | 16: 06 : 00 1.19-1073
09/10/2017 | 17:22:29 | 15:47:00 | 22:32:00 | 16 : 06 : 00 1.19-1073
09/10/2017 | 18:27:40 | 15:47:00 | 22:32:00 | 16 : 06 : 00 1.19-1073
09/10/2017 | 21:11:22 | 15:47:00 | 22:32:00 | 16 : 06 : 00 1.19-1073
09/10/2017 | 22:05:38 | 15:47:00 | 22:32:00 | 16 : 06 : 00 1.19-1073

Table 13: List of LOFAR matches found for 2012 — 2024 during daytime. {fjofar iS
the time of the LOFAR event. The associated solar flare candidates that are above a
threshold flux of 10~* % are listed next to the matches. tpegin is the time when the
solar flare began, teq the time when it ended. #,c.4 represents the time when the flux
was at its maximum. All times are UTC times. Only the marked LOFAR events could
be examined further.
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A.3 Dynamic Spectra

The following figures show the dynamic spectra plots of the remaining LOFAR events.

Unfortunately, there is no solar

flare signal visible.
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Figure 22: Dynamic spectra plots of the LOFAR events on 07/19/2012.
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Figure 23: Dynamic spectrum plot of the LOFAR event on 10/25/2013 at 15 : 27 : 59

UTC.

Figure 24: Dynamic spectrum plot of the LOFAR event on 10/19/2014 at 07 : 35 : 26

UTC.
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Figure 25: Dynamic spectra plots of the LOFAR events on 09/06/2017.

42

Excess Amplitude [dB]



Sgectral Excess above Median (Window= 640ns)
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Figure 26: Dynamic spectra plots of the LOFAR events on 09/10/2017.

43



A.4 Interferometric Sky Maps

The following figures are the interferometric sky maps from station CS002 of the
LOFAR-event-matches that did not show a noticeable solar flare structure in the
dynamic spectra.
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Figure 27: Interferometric sky maps of station CS002 of the LOFAR events on
07/19/2012. The signal seems to stem from the sun.
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Station CS002 - Event 120410879
CR: zen=83.9°, az=210.0°
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Figure 28: Interferometric sky map of station CS002 of the LOFAR event on 10/25/2013
at 15:27: 59 UTC. The signal seems to stem from the Sun.
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Figure 29: Interferometric sky map of station CS002 of the LOFAR event on 10/19/2014
at 07 : 35:26 UTC. The signal does not stem from the sun.
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(a) 12: 07 : 10 UTC. (b) 17:29: 15 UTC.

Figure 30: Interferometric sky maps of station CS002 of the LOFAR events on
09/06/2017. The signal does not stem from the sun.
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(a) 16 : 48 : 18 UTC. (b) 16 : 58 : 07 UTC.

Figure 31: Interferometric sky maps of station CS002 of the LOFAR events on
09/10/2017. The signal does not stem from the sun.

A.5 Time-domain Plots

The following figures show the remaining time domain data plots of the LOFAR, event
on 09/10/2017 at 15 : 55 : 33.

Station CS003 - Beamformed Trace (zen=71.8°, az=196.0°)

Figure 32: Time-domain plot for station CS003.
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Figure 33: Time-domain plot for station CS004.
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Figure 34: Time-domain plot for station CS005.
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Figure 35: Time-domain plot for station CS006.
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Figure 36: Time-domain plot for station CS007.
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Figure 37: Time-domain plot for station CS011.
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Figure 38: Time-domain plot for station CS013.
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