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Zusammenfassung

Die zeitaufgeldste Rentgenastronomie bietet einen leistungsfahigen Zugang zu einigen der
energiereichsten und kurzlebigsten Phanomene im Universum. Das eROSITA-Teleskop
an Bord des Spectrum-Rentgen-Gamma-Satelliten em net dank seiner Emp ndlichkeit,
Himmelsabdeckung und Survey-Kadenz eine beispiellose Meglichkeit, den transienten und
variablen extragalaktischen Rentgenhimmel zu erforschen. Diese Eigenschaften machen
eROSITA besonders geeignet far die Entdeckung variabler extragalaktischer Rentgenquellen.
Unter diesen ndet sich die kleine, aber wissenschaftlich au erst wertvolle Untergruppe der
Tidal Disruption Events (TDEs), bei denen Sterne durch die Gravitationskrafte von su-
permassereichen Schwarzen Lechern (SMBH) zerrissen werden. Die ldenti zierung solcher
transienten Signale innerhalb der gro en Zahl von anderen Rentgenquellen ist entscheidend,
um unser Verst@andnis dieser extremen physikalischen Prozesse zu vertiefen. Diese Disserta-
tion widmet sich der Untersuchung des variablen Rentgenhimmels mit eROSITA, mit einem
besonderen Schwerpunkt auf der Identi kation und Analyse stellarer TDE-Kandidaten.

Kapitel 1 bietet einen Uberblick uber das eROSITA-Instrument sowie wber Transien-
ten und variable Quellen im Rentgenhimmel, darunter sowohl galaktische als auch extra-
galaktische Objekte. Das Kapitel enthalt au erdem eine Einfahrung in TDES, beginnend
mit den theoretischen Grundlagen und gefolgt von einer Darstellung ihrer Beobachtung-
seigenschaften in verschiedenen Wellenlangenbereichen. Damberhinaus werden bereits mit
eROSITA entdeckte TDEs kurz zusammengefasst.

Kapitel 2, ver® entlicht in Grotova et al. (2025a), beschreibt die systematische Auswahl
extragalaktischer Rentgentransienten, die in den ersten beiden eROSITA Himmelsdurch-
musterungen (eRASS) entdeckt wurden und die vor den eROSITA-Beobachtungen nicht
als AGN bekannt waren. Der prasentierte Katalog, eRO-ExTra, umfasst 304 extragalak-
tische eROSITA-Transienten und -Variable, von denen mehr als 90 % zuverlassige optische
Gegenstucke besitzen. Jede Quelle wird anhand archivierter Rentgendaten, langfristiger
eROSITA-Lichtkurven und mntgenspektraler Modellierung charakterisiert. eRO-ExTra
liefert den ersten systematischeBberblick uber den extragalaktischen transienten Himmel
im Rentgenbereich von eROSITA und stellt einen wertvollen Datensatz zur Untersuchung
seltener nuklearer Variabilimtsphanomene im Umfeld massereicher Schwarzer Lecher dar.

Die Kapitel 3 und 4 befassen sich speziell mit TDEs und umfassen sowohl kanonische
Kandidaten als auch extreme Szenarien, die die unteren und oberen Grenzen des far TDEs
relevanten Schwarze-Loch-Massenbereichs de nieren: von einem Kandidaten um ein inter-
mediar-massereiches Schwarzes Loch bis hin zu einem Ereignis, das mit einem wber der
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Hills-Masse liegenden SMBH verbunden ist. Kapitel 3, zunachst vem entlicht in Grotova
et al. (2025b), prasentiert eine systematische Populationsstudie von TDEs aus dem eRO-
ExTra-Katalog. Die ausgewahlte Stichprobe umfasst 30 kanonische TDEs und einen o -
nuklearen TDE-Kandidaten und stellt die bislang g te einheitlich im Rentgenbereich aus-
gewahlte TDE-Stichprobe dar. Aus dieser Stichprobe leiten wir die TDE Rentgenleucht-
kraftfunktion ab und bestimmen eine volumetrische TDE-Rate. Eine Multiwellenlangen-
analyse zeigt, dass ein Teil der Ereignisse optische, mittel-infrarote oder Radiovariabili@at
aufweist, die mit Reprozessierung oder Kollisionen von akkretierten Gasst®men verein-
bar ist. Diese Arbeit demonstriert die statistische Leistungsfahigkeit von eROSITA fur
TDE-Studien und bildet eine Grundlage far zukanftige Analysen in kommenden Rentgen-
himmelsdurchmusterungen. Kapitel 4 beschreibt die Entdeckung und Analyse von J0936,
eines au ergewshnlichen Rentgentransienten, der von eROSITA in einer Fanaro -Riley-
Typ-lI-(FRIl)-Radiogalaxie identi ziert wurde. Die Quelle zeigt einen ultrasoften Flare,
ein erneutes Aufhellen Monate spater und keine nachweisbare Variabiliat in anderen
Wellenlangenbereichen. Das Kapitel zeigt, dass sich die Rentgeneigenschaften deutlich von
denen typischer FR-lI-Galaxien unterscheiden und stattdessen einem partiellen, wieder-
holten TDE ahneln. Mit einer geschatzten SMBH-Masse oberhalb der kanonischen Hills-
Masse erfordert der Ursprung vermutlich ein schnell rotierendes Schwarzes Loch oder ein
o -nukleares SMBH. J0936 stellt damit einen der exotischsten und massereichsten bekan-
nten TDE-Kandidaten dar und erweitert die Bandbreite der Umgebungen, in denen TDEs
auftreten kennen.

Kapitel 5 fasst die Dissertation zusammen und skizziert megliche Richtungen fur zukanf-
tige Untersuchungen von TDEs im Rentgenbereich und bei anderen Wellenlangen. Es
hebt die potenziellen Anwendungen der in dieser Arbeit entwickelten Methoden hervor
und nennt mehrere o ene Fragen, die eine weitere vertiefte Untersuchung erfordern.



Abstract

Time-domain X-ray astronomy provides a powerful window into some of the most energetic
and short-lived phenomena in the Universe. The eROSITA telescope aboard the Spectrum-
Roentgen-Gamma satellite o0 ers an unprecedented opportunity to explore the transient
and variable extragalactic X-ray sky, thanks to its sensitivity, sky coverage, and survey
cadence. These capabilities make eROSITA particularly well suited for detecting variable
extragalactic X-ray sources. Among these, a small but scienti cally valuable subset arises
from rare phenomena such as tidal disruption events (TDEs), in which stars are torn
apart by the gravitational forces of supermassive black holes (SMBH). Identifying such
transient signals within the vast population of X-ray sources is essential for advancing our
understanding of these extreme physical processes. This thesis is dedicated to exploring the
variable X-ray sky with eROSITA, with a primary focus on the identi cation and analysis

of stellar tidal disruption event candidates.

Chapter 1 provides an overview of the eROSITA instrument as well as transients and
variables present in the X-ray sky, which includes both galactic and extragalactic sources.
The chapter also includes an overview of TDESs, starting with a theoretical introduction
and followed by a discussion of the observational properties of TDEs in various bands and
previously discovered TDEs with eROSITA.

Chapter 2, published in Grotova et al. (2025a), describes the systematic selection of X-
ray extragalactic transients found in the rst two eROSITA all-sky surveys (eRASS) that
are not associated with known active galactic nuclei (AGN) prior to eROSITA observations.
The presented catalog eRO-ExTra includes 304 extragalactic eROSITA transients and vari-
ables, with more than 90% of sources associated with reliable optical counterparts. Each
source is characterized through archival X-ray data, long-term eROSITA light curves, and
X-ray spectral modeling. eRO-ExTra delivers the rst systematic view of the extragalactic
non-AGN transient sky with eROSITA, o ering a valuable dataset for investigating rare
nuclear variability phenomena associated with massive black holes.

Chapters 3 and 4 relate specically to TDE science, including canonical candidates
as well as extreme scenarios that de ne the lower and upper bounds of the black hole
mass range for TDEs: from a candidate around an intermediate-mass black hole to one
associated with a SMBH above the Hills mass. Chapter 3 was initially published in Grotova
et al. (2025b), and presents a systematic population study of TDEs from the eRO-ExTra
catalog. The selected TDE sample contains 30 canonical TDEs and one o -nuclear TDE
candidate and is the largest uniformly X-ray{selected TDE sample to date. From this
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sample, we derive the TDE X-ray luminosity function and infer the volumetric TDE rate.

A multiwavelength analysis reveals that a subset of events shows optical, mid-infrared,
or radio variability consistent with reprocessing or stream{stream collisions. This work
demonstrates the statistical power of eROSITA for TDE studies and provides a foundation
for future research in upcoming X-ray surveys. Chapter 4 presents the discovery and
analysis of J0936, an exceptional X-ray transient identi ed by eROSITA in a Fanaro -
Riley Type Il (FRII) radio galaxy. The source exhibits an ultra-soft are and a months-
later re-brightening. The chapter shows how its X-ray properties di er signi cantly from
those of typical FR Il galaxies and instead resemble a partial, repeated TDE. With an
inferred SMBH mass above the canonical Hills mass, its origin likely requires a rapidly
spinning black hole or an o -nuclear SMBH. J0936 thus represents one of the most exotic
and massive TDE candidates known, expanding the range of environments in which TDEs
can occur.

Chapter 5 summarizes the thesis and outlines prospective directions for future research
on TDEs in X-rays and across other wavelengths. It highlights the potential applications of
the methodologies developed in this work and identi es outstanding questions for further
exploration in the study of TDEs.



Chapter 1

Introduction

As a dynamic and ever-changing environment, the sky continuously uctuates, exhibiting
constant variability. Living in a \Goldilocks" era for science and cosmic research, we face
the Universe with many fascinating open questions, while our observational capabilities
and theoretical tools have matured enough to investigate them with increasing precision.
This gives us a rare opportunity to witness and explore the wonders of the cosmos, such as
the birth and death of stars, the formation of galaxies, and the evolution of supermassive
black holes. The changes happen on various spatial scales, from micro worlds of atoms
undergoing nuclear fusion in stars to the large-scale dynamics of galaxies and galaxy clus-
ters, such as galaxy mergers and interactions. The interplay of various physical processes
composes the dynamic and complex nature of the universe. This era of discovery, driven by
advancing research technologies and a supportive global scienti c community, is a gift, en-
abling humanity to comprehend the vastness of space, appreciate the beauty of its objects,
and question our place within it.

Variable sources in space undergo changes in their brightness and spectra over time.
By analyzing the patterns and mechanisms behind the variability, astronomers can probe
the physical conditions, environments, and underlying processes at play. Furthermore, the
study of variability can reveal life cycles of celestial objects, their evolution, and their
interactions with the interstellar and intergalactic medium. Understanding variability is
essential for the development of more accurate models of astrophysical phenomena and
related physics, allowing us to re ne our comprehension of fundamental cosmic processes.

In the context of X-ray studies, variability is particularly important because X-ray
emission arises from high-energy processes such as accretion onto compact objects (black
holes and neutron stars), shock waves in supernova remnants, relativistic jets from black
holes, and other various phenomena, each providing unique insights into the underlying
astrophysical mechanisms. The time scales and amplitudes of X-ray variability o er clues
about the physical processes driving the emission. Therefore, studying X-ray variability is
crucial for understanding the extreme environments where the laws of physics are tested
under conditions unreachable on Earth.

A rst signi cant milestone in studying the X-ray sky was the launch of the Uhuru
(Giacconi et al., 1971; Jagoda et al., 1972) satellite in the 1970s, which was the rst dedi-
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cated X-ray astronomy mission. Uhuru mapped the sky in X-rays (Giacconi et al., 1972),
discovering a number of X-ray sources, including the rst black hole candidate, Cygnus
X-1 (Oda et al., 1971). This was followed by other early missions such as EXOSAT (Taylor
et al., 1981) and ROSAT (Truemper, 1992). Advancements in X-ray astronomy contin-
ued with the launch of more sophisticated telescopes and advanced instrumentation like
Chandra (Weisskopf et al., 2000) and XMM-Newton (Jansen et al., 2001), which enabled
high-resolution X-ray imaging and spectroscopy. These missions provided a more detailed
understanding of X-ray variability, revealing complex processes such as the rapid aring
of X-ray binaries (e.g., White et al. 1986; van der Meer et al. 2005, the variability of ac-
tive galactic nuclei over a broad range of time scales (e.g., Boller et al. 1996; McHardy
et al. 2004), as well as the discovery of ultra-luminous X-ray sources (e.g., Swartz et al.
2004; Feng & Soria 2011), tidal disruption events of stars by black holes (e.g., Bade et al.
1996; Komossa & Bade 1999; Komossa & Greiner 1999) and numerous other astrophysical
phenomena.

Today, the exploration of the variable X-ray sky has reached new heights with the launch
of extended ROentgen Survey with an Imaging Telescope Array (eROSITA, Predehl et al.
2021). This PhD thesis focuses on the study of extragalactic transients and variable X-ray
sources with eROSITA, with a particular emphasis on tidal disruption events (TDES) |
the disruption of stars by supermassive black holes (SMBHSs). The introduction is orga-
nized as follows: In Sect.1.1, | discuss the key properties of the eROSITA telescope, the
primary instrument used in this work. Sect.1.2 provides an overview of X-ray transients
and variables that can be observed with eROSITA. Finally, in Sect. 1.3, | focus speci cally
on TDEs.

1.1 eROSITA as a tool for variability studies

eROSITA was developed at the Max Planck Institute for Extraterrestrial Physics (MPE)

in the period from 2007 to 2019. Launched from Baikonur, Kazakhstan, on July 13, 2019
aboard the Russian-German Spektr-RG spacecraft (SRG, Sunyaev et al. 2021) together
with ART-XC telescope (4{30 keV energy range; Pavlinsky et al. 2021), eROSITA's pri-
mary goal was to conduct an all-sky survey in X-rays in the energy range from 0.2 to 10
keV, providing insights into the physics of galaxy clusters, SMBHs, and the large-scale
structure of the universe. In addition, eROSITA's capabilities allow searches for galactic
and extragalactic transients. With this powerful instrument, we have entered a new era
of X-ray astronomy where the study of variability not only advances our understanding of
known phenomena but also uncovers new unexpected sources and processes.

The eROSITA data are shared equally between German and Russian scientists, fol-
lowing a split by Galactic longitude (eROSITADE: 359:9442 > | > 179:9442 and
eROSITARU: 0:0558 <1<179:9442 ). eROSITA operated for 2.5 years untill Febru-
ary 2022, when it was put into safe mode. Overall, eROSITA completed 4.3 all-sky surveys
(eRASS1{5), each lasting six months, which can be used for X-ray variability studies.
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Figure 1.1. Schematic view of the eROSITA telescope. Figure from Predehl et al. (2021).

1.1.1 Instrumentation

The eROSITA telescope consists of seven individual telescope modules (TMs), arranged
in a hexagonal shape. Each TM includes a mirror assembly (MA) and a camera assembly
(CA). The schematic view of the eROSITA telescope in shown in Fig. 1.1.

Each MA contains 54 concentric nested mirror shells that are coated with gold to
enhance X-ray re ectivity (see Fig. 1.2, left). The mirrors are arranged in a Wolter-I
con guration, which focuses X-rays through grazing incidence to minimize absorption and
scattering. X-ray ba es are placed in front of each mirror module to suppress undesired
photons coming from single re ections from sources outside the eld of viéwFoV), e.g.,
from bright sources nearby. Additionally, magnetic electron de ectors behind the mirrors
help to clean the background from low-energy cosmic-ray electrons. The focused X-rays
from each MA are directed onto a charge-coupled-device (CCD) camera of 384 384 pixels,
with each pixel corresponding a 9:6" 9:6" sky area. These CCDs are highly sensitive in
the soft X-ray band, covering energies from 0.2 to 10 keV with a high spatial resolution.
Each CA (see Fig. 1.2, right) also includes its own Iter wheel, a cryogenic heat pipe
system, which cools down the CCD to 85C, and an electronics box for processing the
camera data. eROSITA o ers a resulting averaged-FoV spatial resolution of about 26", in
a circular FoV with a diameter of 1.03 degrees.

eROSITA's sensitivity and sky coverage broadened our possibilities of exploring the X-
ray sky in comparison to previous or still ongoing X-ray missions. Its predecessor ROSAT,
launched in 1990, is about 25 times less sensitive in the soft X-ray band (0.2 to 2.3 keV),

1Angular area of the sky that the telescope can observe at any given time.
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Figure 1.2: Left: Front view of the telescope with all seven TMs installed. Each TM
consists of a mirror module, an X-ray ba e in front, and a magnetic electron de ector
behind. Right: Rear view of the telescope with all seven CAs installed. Each CA consists
of a Iter wheel, a camera, and a camera electronics box. Also seen are heat pipes, purging
tubes, and a harness. Figures from Predehl et al. (2021).

which restricted its ability to detect faint and distant sources. In addition, while ROSAT
conducted an all-sky survey in soft X-rays, eROSITA provided the rst ever imaging survey
of the sky in the hard X-ray band (2.3 to 8 keV). eROSITA's energy range of 0.2 to 10
keV allows it to bridge the observational gap between ROSAT's soft X-ray range and
the harder X-ray missions like NuSTAR (Harrison et al., 2013), making it well-suited to
detect a broad variety of astrophysical phenomena. In comparison to Chandra and XMM-
Newton, which are specialized in targeted observations, eROSITA is optimized for wide-
eld surveys. While Chandra has a superior angular resolution (around 0.5" compared to
eROSITA's 18"), its narrower eld of view and smaller collecting area a ects its ability
to e ciently scan large areas of the sky. XMM-Newton is close to eROSITA in survey
capability but still falls short of its ability to map the entire sky with uniform sensitivity.
The combined e ective ared of the seven eROSITA telescopes is slightly higher than that
of XMM-Newton in the 0.5{2 keV band (see Fig. 1.3, top). A comparison of the \grasp"
(the product of the FoV multiplied and average e ective area) of eROSITA with XMM-
Newton, Chandra, and ROSAT is shown in the bottom panel of Fig. 1.3. The superior
grasp of eROSITA in the soft X-ray band demonstrates that it is capable of detecting more
X-ray photons per unit of time over a larger portion of the sky compared to the other
missions, which makes it more e cient in surveying the sky. In particular, XMM-Newton
and Chandra have smaller FoV ( 0:2 for XMM-Newton and 0:04 for Chandra), which
results in smaller grasp values given comparable e ective areas. ROSAT, on the other hand,
had a much smaller e ective area: 200cn? compared to eROSITA's 1360cn?¥ at 1 keV
albeit over a larger FoV. By combining all-sky coverage with moderate resolution and
sensitivity, eROSITA is uniquely positioned to complement the more focused observations
of earlier missions, driving a new era in X-ray astronomy.

2Apparent collecting area of the telescope that is sensitive to X-ray photons at a speci ¢ energy.
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