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Abstract

Analyzing the data of any detector, researchers have to be aware of background sources and how to
analyze and exclude them correctly. Especially instruments which operate in outer-space, such as
the eROSITA detector analyzing the X-ray structure of the whole sky, are affected by the important
but unpredictable background source considered in this project: Cosmic rays. For this and many
other reasons, the space weather is permanently monitored by various detectors.

This report is summarizing the work of a research project done at the Dr. Karl Remeis Sternwarte
Bamberg, in which the task was to address this issue from another perspective: We wanted to find
out, if it is possible to extract information on space weather from discarded background data of
the eROSITA instrument that is identified and counted as minimum ionizing particles (MIPs) by
an on-site rejection algorithm. If so, using this method, we could gain insight on space weather
from observations by eROSITA of the X-ray sky and therefore target the background analysis
for cosmic rays more efficiently. Moreover, this could improve our understanding of the cosmic
environment at the Lagrange point L, the location of the eROSITA mission, which is a crucial site
for astrophysical projects.

During the project, we developed a program to methodically extract and store the measured MIP
data from the raw eROSITA measurement and housekeeping files for a given time interval and time
resolution. Additionally, we compared the background data to measured sun weather data extracted
in the same time range from the ACE satellite, which is dedicated to measuring space weather. In
our comparison, we focused on the long- and short-term behaviour to discuss the two different types
of cosmic rays contributing to the background. We found that the data extracted from eROSITA
correlates well with high-energy particle fluxes measured by ACE in both time ranges. From our
results concerning the short-term analysis, we could provide information about the nature of MIPs
arriving at the camera. We confirmed that low-energy particles are effectively shielded by eROSITA
and only high-energy particles arrive at the cameras and disturb the measurements. Moreover, we
filtered the data points according to the satellite’s attitude, to observe the influence of the galactic
plane on the observations on eROSITA, which did not give the expected result of a significantly
reduced MIP flux mean. This issue may be explored further in future investigations. Lastly, we
calculated a mean velocity of particles arriving at eROSITA by cross correlating the extracted data
with the high-energy component measured by ACE. Our result coincides with typical solar wind
velocities.
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1. Introduction: The role of X-rays and eROSITA in
astrophysics

When studying the structure of our universe, the detection and analysis of X-ray radiation plays
a significant role. For instance, the centers of galaxies emit a large amount of X-rays that hold
information about their properties (Merloni et al., 2012). Such emitting galaxy centers are called
active galactic nuclei and are one of the key elements in the process of galaxy formation and the
evolution of the universe (Padovani et al., 2017). To detect the photons coming from these or other
X-ray sources, such as super nova remnants, interacting stellar black holes or neutron stars, it is
required to build specifically designed detectors. One requirement is their functionality in space,
since our atmosphere is not transparent to X-rays. Therefore, sending X-ray-detecting satellites
into orbit or even further away presents a center issue in this research.

In this project we study data from one of the latest X-ray detectors: eROSITA. eROSITA is an
acronym for ‘extended ROentgen Survey with an Imaging Telescope Array’ (Predehl et al., 2021).
Its center purpose is to create images of the whole sky, so-called all-sky surveys, in the X-ray
waveband. To achieve this, eROSITA has a high field of view that can be used not to look at specific
single sources, but at large areas of the sky simultaneously. The promise of eROSITA and its all-sky
surveys is that this data is expected to constrain cosmological models helping to understand how the
universe was formed and provide causes for its current state. Moreover, the data of eROSITA will
help study numerous X-ray sources and shed light on the physics of their structure and evolution.

However, the functioning of an outer-space detector is challenging due to the significant influence of
charged particles from the universe on the signal background (Freyberg et al., 2020). In some worst-
case scenarios, observations are hardly possible or the measured data is unreadable at increased
cosmic ray activity (Kirsch, 2018). Originating e.g., in the sun, such particles can damage or
destroy its parts upon impact. This is one of the reasons for the limited lifetime of outer-space
detectors. Moreover, such foreign particles can interact with the detector and tamper with the
measured readout of the observed target. Therefore, studying the current situation of cosmic rays
during an astrophysical experiment such as an X-ray observation is essential for the data analysis
and interpretation afterwards.

The report is structured as follows: Following the general introduction, we briefly introduce the
basic theory of cosmic rays and the influence on outer-space detectors in Section 1.1. Next,
Chapter 2 gives a brief overview of the primarily discussed detector, eROSITA, and its properties.
We will describe some commonly occurring background signals and go into more detail on the
affect of high-energy particles on the detector readout and the method to account for cosmic rays
developed for eROSITA. The small Section 2.2, is attached to give insight on the sun-monitoring
detector ACE, whose data we used for comparison in this project. In Chapter 3, we elaborate
on the extraction method of the desired measurement data from eROSITA and briefly document
the equivalent process for ACE. After that, we present our results of the comparison of measured
cosmic rays in eROSITA and ACE in Chapter 4. Here, we start by providing a general overview of
the data in Section 4.1, followed by a demonstration of the filter used for smoothing the data in
Section 4.2. Then, we provide our results concerning both long-term (Section 4.3) and short-term
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analysis (Sections 4.4 and 4.5) of the data. We continue by analyzing the influence of the angular
orientation on the measurement of cosmic rays in Section 4.6 and end the chapter with the insights
we gained by applying a cross correlation on the data sets in Section 4.7. Lastly, we conclude
this report in Chapter 5 with a summary of our results and propose ideas to further investigate
the impact of cosmic rays on eROSITA and other outer-space detectors. Appendix A contains a
selected data extraction code.
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1.1. Cosmic rays

Since any detector observing in outer-space, including eROSITA, is exposed to cosmic rays, they
strongly influence the detector and its readout. For this reason, the importance of understanding
the nature of cosmic rays is undisputed. Therefore, we will summarize the fundamental theory
concerning cosmic rays in the following section.

Cosmic rays are highly energetic particles, the major component being protons (Blasi, 2013) that
originate either in the sun or arrive from outside of the solar system. They are then labeled solar
and galactic cosmic rays, respectively. First detected by balloon flight measurements in the early
1900s (Hess, 1912), cosmic rays largely contribute to the space weather in our solar system. To
give a brief insight, we will discuss the two different cosmic ray components and how they can
affect an X-ray detector on the example of eROSITA.

1.1.1. Solar and galactic cosmic rays

Galactic cosmic rays are, as mentioned above, defined by their origin, i.e., they are created
outside the solar system, for example in supernova remnants (Blasi, 2013) or active galactic
nuclei (Anchordoqui, 2019). Their flux remains approximately constant and is only slowly varying
with time.

Solar cosmic rays can be separated into two groups according to their emission timescale. Discrete
ejections from the sun within shorter periods create a sudden flux of solar energetic particles (SEPs).
These bursts are induced by releases of energy from the magnetic field of the sun and originate
either from solar flares happening over several hours or coronal mass ejections (CMES) lasting
days (Reames, 1999; Schwenn, 2006).

The long-term emission in the span of multiple years, the so-called solar wind, presents itself as a
continuous flow of thin magnetised plasma, a mixture of electrons and ions, and is again divided in a
slow and a fast component (Schwenn, 2006). By moving charged particles, the solar wind generates
a magnetic field affecting the whole solar system. This consequently evokes an interaction with the
planetary fields, resulting e.g., in extended magnetotails.

The intensity relation between solar and galactic cosmic rays varies periodically, which is caused
by the activity cycle of the sun. With a total period of around eleven years, the flux intensity of
the solar wind and the recurrence of particle bursts rises and falls in a sinusoidal way (Hathaway,
2015), as is shown in Fig. 1. The relation between solar and galactic cosmic rays follows this cycle
due to the varying amount of solar cosmic rays and the shielding and deflection power of the solar
wind affecting the arrival of galactic cosmic rays. The measured data analyzed in this project covers
the years 2019-2022 (Predehl et al., 2021), where solar activity was beginning to rise again after a
minimum at the end of 2019 (Geryl and Alvestad, 2020). Due to that, the sample size of flares or
bursts in this project is expected to be small and only starting to rise. On the other hand, the galactic
cosmic ray flux was at its maximum around the launch date and is beginning its decrease after the
solar activity minimum, which should present itself in the quiescent cosmic ray background of the
detector. This is in agreement with the analyzed data, as seen later in Chapter 4.



2 The detectors in the project 4

20— ——— v T T T T
—— Wolf (1861) Group (1998) |
- —— Wolf (1877) SIDC (2013) -

—
(4]
o

Yearly Sunspot Number
S
o

(3]
o

v
1850 1900

o, . . ",
1750 1800

W

Date

Figure 1: Solar cycle represented by the yearly sunspot numbers as reported by Wolf, 1861 (red
line), Wolf, 1877 (blue), Hoyt and Schatten, 1998 (green), and by SILSO, 2014 (black).
Although this shows a visible variation in amplitude and disagreement between different
sources, the sinusoidal flux variation is undeniably visible. (Figure taken from Hathaway,
2015.)

2. The detectors in the project

In this chapter, we will introduce the detectors that measured the provided data for this project.
First, we will give insight on the technical composition, common background sources and the initial
observations of eROSITA. We will especially set our focus on the influence of high energy particles
on the data readout of eROSITA and the developed method to eliminate such compromised data.
The information presented in this chapter is primarily based on References Predehl et al., 2021 and
Freyberg et al., 2020. After that, we will briefly present ACE.

2.1. eROSITA

eROSITA is a German X-ray detector mounted on the Russian spacecraft ‘Spectrum Roentgen
Gamma’ (SRG) (Pavlinsky et al., 2018) and a product of scientific cooperation between the
European and Russian space agencies. SRG was launched into space on the 13th of July in 2019
from the Baikonur cosmodrome in Kazakhstan. It operates in a halo orbit around the second
Lagrangian point Lo, which is 1:5 108 km away from the earth in the sun-earth direction, see Fig. 2
for representative illustrations.
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(b) Nustration of thel, orbit of the eROSITA
detector on the SRG spacecraft. eROSITA
will be the rst X-ray telescope located &b.
(Taken from Merloni et al., 2012, Fig. 3.1.1)

(a) Map of the Lagrangian points in the sun-
earth system, not to scale. The orange ob-
ject represents a detector orbiting around the
L, Lagrangian point. (Figure taken from
NASA/WMAP Science Team, 2018)

Figure 2: Two schematic images on the location of taé.hgrange point.

The main goal of eROSITA is to perform eight all-sky-surveys, meaning that the detector will scan
and measure the whole sky for X-ray radiation to form a map that shows all detected sources. There
are eight surveys planned, each taking half a year to measure. This results in four years of observa-
tion time in total for all surveys. Not included are calibration measurements or pointed observations.
With these maps, it is predicted to discover many new astronomical X-ray sources. Its predecessor,
ROSAT (acronym foROentgenSATellite), catalogued arount5000new sources (Moges et al.,
1999). ROSAT operated from 1990 to 1999 and was the rst detector to perform such a survey
in the X-ray waveband (Truemper, 1982). With the development in technology, the increased
sensitivity and resolution of eROSITA are expected to lead to a signi cantly increased number of
newly detected sources. Therefore, eROSITA is expected to catalog millions of objects, including
at leastl00 000clusters of galaxies (which are gravitationally bound assemblies of many galaxies),

a few million active galactic nuclei and arou@0 000active stars (e.g. Pillepich, Porciani, and
Reiprich, 2012; Merloni et al., 2012). The rst survey that was completed and published in a press
release in June 2020 (Max Planck Institute for extraterrestrial Physics, 2020), see Fig. 3, already
detected 1004624 new X-ray sources (Predehl et al., 2021).

2.1.1. Structure of eROSITA

In this section, we give an outline of the structure of the eROSITA detector and explain the basics of
its most important parts. The total weight of eROSITA amounts to approxima@€lkg including

its electronics, a heating system to keep the components at operating temperature, the surrounding
shielding, and lastly eROSITAs main feature: the seven speci cally designed mirror assemblies.
The structure is shown schematically in Fig. 4.

Every assembly consists of 54 Wolter-shaped mirrors (Friedrich et al., 2008), a Iter wheel and
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