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Zusammenfassung

Diese Arbeit widmet sich einem breiten Spektrum von Akkretionsproblemen. Es werden zwei
Arten von Objekten untersucht: aktive galaktische Kerne (Active galactic nuclei, AGN, auf Eng-
lisch) - akkretierende massive Schwarze Locher in den Zentren von Galaxien und Rontgenpulsare
- akkretierende Neutronensterne mit extrem hohen Magnetfeldern.

Im ersten Teil dieser Arbeit untersuchen wir massive Schwarze Locher (SL), die in den Zentren
fast aller massereichen Galaxien leben. Die Masse der SLs korreliert mit der Bulge-Masse ihrer
Wirtsgalaxien, was diese Objekte zu einem wichtigen Faktor fiir die Galaxienentwicklung macht.
Einige BHs emittieren aufgrund der Akkretion von Materie grole Mengen an Strahlung - sie
werden aktive galaktische Kerne (AGN) genannt. Himmelsdurchmusterungen bei Rontgenwel-
lenlidngen sind wirksam bei der Entdeckung von AGNs und der Untersuchung ihrer Entwicklung.
Die raumliche Verteilung von AGNs dient als effektiver Indikator fiir die grordumige Struk-
tur (large-scale structure, LSS, auf Englisch) des Universums. Wir konzentrieren uns auf die
Rontgendurchmusterung des SRG/eROSITA-Teleskops, das bereits fast ~drei Millionen AGNs
entdeckt hat.

Wir bewerten die Aussichten fiir kosmologische Messungen mit eROSITA auf der Grundlage
der LSS von AGNs und Galaxienhaufen. Wir finden, dass die marginalisierten Fehler der kosmo-
logischen Parameter (Energiedichte der dunklen und baryonischen Materie, Hubble-Konstante)
eine Genauigkeit von 1 — 10% erreichen. Die vorhergesagte Genauigkeit der kosmologischen
Einschrinkungen, die von der SRG/eROSITA-Gesamtdurchmusterung erwartet werden, ist kon-
kurrenzfahig mit den Einschrinkungen von aktuellen und geplanten kosmologischen Durchmu-
sterungen und Missionen.

Wir stellen eine Methode zur Identifizierung von eROSITA-Rontgenquellen in Himmels-
durchmusterungen in optischen Béandern vor. Diese Aufgabe ist fiir die Abschitzung der Rot-
verschiebung von Rontgenquellen von entscheidender Bedeutung. Wir kombinieren maschinelle
Lerntechniken mit einem Bayes’schen Ansatz, um die Quellen aus dem Rontgenkatalog von eRO-
SITA im Lockman-Loch mit optischen Quellen abzugleichen. Die Genauigkeit erreicht 94% fiir
den gesamten Rontgenkatalog.

Wir suchen mit eROSITA-Daten nach aktiven Kernen von Zwerggalaxien (mit geringer Mas-
se). Es wird erwartet, dass Zwerggalaxien zentrale Schwarze Locher beherbergen, die im Vergleich
zum GroBteil der AGNs eine geringere Masse haben. Man geht davon aus, dass diese SLs die
Relikte der ersten Schwarzen Locher sind, und sie sind wichtig, um die Szenarien der Entste-
hung von Schwarzen Lochern einzugrenzen. Wir erstellen einen Katalog von 82 Zwerggalaxien
mit nuklearer Rontgenaktivitit - ein eindeutiger Indikator fiir ein massereiches akkretierendes
SL. Wir berechnen den Anteil der Zwerggalaxienpopulation, die ein aktives Schwarzes Loch
beherbergen, als Funktion der Rontgenleuchtkraft und der stellaren Masse der Galaxie. Der An-
teil aktiver Zwerge ist bei geringer Rontgenleuchtkraft bis zu 2% grof3 und sinkt bei hoheren
Leuchtkriften. Wir entdecken zufillig eine Gezeitenstorung eines Sterns durch ein zentrales BH
in einer Zwerggalaxie und demonstrieren die Fihigkeit von Gezeiteneruptionen, die Population
von ruhenden Schwarzen Lochern aufzudecken.

Im zweiten Teil dieser Arbeit befassen wir uns mit der Untersuchung von Rontgenpulsaren
- entstehenden Neutronensternen (NS) in stellaren Doppelsternsystemen. Das Material wird
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durch das Magnetfeld eingefangen und zu einem NS gelenkt, wo reichlich Rontgenemission
erzeugt wird. Die Geometrie der Akkretionsstrome ist komplex und héingt von einer Reihe von
Parametern ab, wie etwa der Stirke des Magnetfelds. Wir verwenden eine neuartige Technik,
um die Geometrie von Systemen zu untersuchen, bei denen die Rontgenemission eines NS von
der umgebenden Materie aufgearbeitet wird. Wir analysieren zwei Pulsare, V0332453 und Swift
J0243.6+6124. Letzterer ist ein extrem leuchtstarkes Objekt (ultrahelle Rontgenquelle).

Wir untersuchen die Pulsationen der wiederaufbereiteten Emission in beiden Pulsaren. Wir
zeigen, dass in J0243 die wiederaufbereitete Emission iiber die Rotationsphase des Pulsars
schwach variabel ist und die direkte Emission groere Pulsationen zeigt. Wir vermuten, dass
sich der Pulsar im Zentrum einer Vertiefung befindet, die von einer geometrisch dicken Akkreti-
onsscheibe gebildet wird, die durch das Magnetfeld abgeschnitten ist. Die Innenseiten der Senke
werden vom Pulsar beleuchtet und erzeugen reflektierte Emission. Wir schitzen den Magnetfeld-
wert eines Pulsars, indem wir die Dopplerverbreiterung der Eisenlinie messen.

In V0332 pulsieren die Absorptionstiefe der Eisen-K-Kante und die Intensitit der K,-Linie.
Der Fluss als Funktion der Rotationsphase zeigt zwei Einbriiche von identischer Form, die um 180
Grad voneinander getrennt sind. Die Absorptionskante ist wiahrend der Einbriiche am stérksten,
aber ihre Tiefe kann nicht durch die Absorption von Rontgenstrahlen durch das einfallende Mate-
rial verursacht werden. Wir kommen zu dem Schluss, dass die Daten nicht mit einfachen Modellen
der Emissionsrezessionen durch die umgebende Materie erklirt werden konnen, was die Bedeu-
tung weiterer Studien solcher Objekte fiir die Bestimmung der Geometrie von Akkretionsstromen
unterstreicht.



Abstract

This thesis is dedicated to a broad range of problems related to accretion. Two types of
objects are studied: active galactic nuclei (AGN) - accreting massive black holes at the centres
of galaxies, and X-ray pulsars - accreting neutron stars with extremely high magnetic fields.

In the first part of this thesis, we investigate massive black holes (BH) dwelling at the centres
of almost all massive galaxies. The mass of BHs correlates with the bulge mass of their host
galaxies, making these objects an important asset for galaxy evolution. Some BHs emit copious
amounts of radiation due to the accretion of matter — they are called active galactic nuclei (AGN).
Sky surveys in X-ray wavelengths are effective at discovering AGNs and studying their evolution.
The spatial distribution of AGNs serves as an effective tracer of the Large-Scale structure (LSS)
of the Universe. We focus on the all-sky X-ray survey performed by the SRG/eROSITA telescope,
which has already discovered close to ~three million AGNss.

We assess the prospects of cosmological measurements with eROSITA based on the LSS
of AGNs and galaxy clusters. We find that the marginalised errors on cosmological parameters
(energy density of dark and baryon matter, Hubble constant) achieve precision 1 — 10%. The
predicted precision of cosmological constraints expected from the SRG/eROSITA all-sky survey
is competitive with the constraints from current and planned cosmological surveys and missions.

We present a method for identifying eROSITA X-ray sources in sky surveys in optical bands.
This task is paramount for estimating redshifts of X-ray sources. We combine machine learning
techniques with a Bayesian approach to match the sources from the X-ray catalogue of eROSITA
in the Lockman hole with optical sources. The accuracy achieves 94% for the entire X-ray
catalogue.

We perform the search for active nuclei of dwarf (low-mass) galaxies using eROSITA data.
Dwarf galaxies are expected to host central black holes of lower mass compared to the bulk
of AGNs. These BHs are thought to be the relics of the first black holes and are important
to constrain the black hole seeding scenarios. We construct a catalogue of 82 dwarf galaxies
with nuclear X-ray activity — an unambiguous indicator of a massive accreting BH. We calculate
the fraction of the dwarf galaxy population hosting an active black hole as a function of X-ray
luminosity and galaxy stellar mass. The fraction of active dwarfs is as large as 2% for low X-ray
luminosity and drops for higher luminosities. We serendipitously discover a tidal disruption of a
star by a central BH in a dwarf galaxy and demonstrate the ability of tidal flares to uncover the
population of dormant black holes.

In the second part of this work, we focus on the study of X-ray pulsars—accreting neutron stars
(NS) in stellar binary systems. The material is captured by the magnetic field and directed to a
NS, where ample X-ray emission is produced. The geometry of accretion flows is complex and
depends on a number of parameters, such as magnetic field strength. We use a novel technique to
study the geometry of systems with X-ray emission of a NS reprocessed by surrounding matter.
We analyse two pulsars, V0332+53 and Swift J0243.6+6124. The latter is an extremely luminous
object (ultra-luminous X-ray source).

We study pulsations of the reprocessed emission in both pulsars. We show that in J0243
the reprocessed emission is weakly variable over the pulsar rotational phase and direct emission
shows larger pulsations. We conjecture that the pulsar is located at the centre of a well, formed
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by a geometrically thick accretion disc truncated by the magnetic field. The inner sides of the
well are illuminated by the pulsar and produce reflected emission. We estimate the magnetic field
value of a pulsar by measuring the Doppler broadening of the iron line.

In V0332 the iron K-edge absorption depth and K, line intensity pulsate. Flux as a function
of the rotational phase shows two dips of identical shape separated by 180°. The absorption edge
is the strongest during the dips, but its depth cannot be caused by the absorption of X-rays by
the infalling material. We conclude that the data can not be explained with simple models of
emission reprocession by surrounding matter, emphasising the importance of further studies of
such objects for pinpointing the geometry of accretion flows.



CHAPTER 1

Introduction

In this thesis, we consider accretion - one of the most important mechanisms of energy release
in the Universe. The basic motivation for studying accretion and its observational appearance
are discussed in sect. 1.1. The topic will be elaborated further into the introduction of several
extreme cosmic phenomena studied in this thesis - Active Galactic Nuclei (AGN) and X-ray
pulsars, both powered by the accretion of matter. For X-ray pulsars (in sect. 1.2), we touch on
their origin and physics, observational properties and how observations can be connected to the
physics of accretion. For the AGNs (in sect. 1.3), we consider the main model for this kind of
object and their population properties (X-ray luminosity functions, clustering studies). Section
1.4 is devoted to one of the main instruments we use in this thesis to study extreme objects -
SRG/eROSITA. The final section (1.5) outlines the structure of this thesis.

1.1 Accretion

Following Frank et al. (2002), let us consider a body of mass M, radius R in an empty space. If
a blob of matter with mass m falls on it from infinity, the release of potential energy would be

Eaee = GMm/R,

where G is the gravitation constant (6.67 x 1078 dyn cm? g=2). This is the energy release of the
accretion process.

In nature, different combinations of mass and radius are possible, and the accretion energy
output depends on the M /R ratio. For instance, a consequence of a stellar explosion, a neutron
star (NS), will have R ~ 10 km and M ~ M, (one solar mass, ~ 2 x 103 g). This leads to the
energy release of 1.4 x 1020 erg (~ 10'3 J) for each accreted gram. It is illustrative to compare
this value to the output of thermonuclear reactions occurring in stellar cores when from one gram
of mass one can extract

Enue = 0.007[1 g]c? ~ 6.3 x 10'8 erg

(c =3%x 109 cm s is the speed of light). For a neutron star, E, is by a factor of 20 larger E,
rendering accretion a very efficient mechanism of energy extraction for objects with large M /R.

Another type of compact object is a black hole (BH). For BHs, the so-called gravitational
radius is roughly the radius where energy release may take place. For a BH with mass M, it is
calculated with the formula R = 2(;—2M For 10M, black hole the gravitational radius is ~ 30 km.
M /R ratio does not depend on the black hole mass, meaning the accretion efficiency is expected
to be equal for 10M and 10°M,, black holes. The efficiency of accretion onto black holes is
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also very high, as seen from its M /R'. The black holes can be of very different masses. Black
holes born in the explosion of massive stars can be as massive as 10-100 suns (M ~ 10...100M,).
On the other hand, black holes dwelling at the centres of galaxies can be as massive as 10° Mg
(Supermassive black holes, SMBH, see sect. 1.3). Nonetheless, 1 g of material accreted on both
small and large black holes will produce the same amount of energy. The amount of energy
released per unit of time depends on the mass accretion rate M = %—AZ’I. Part of this energy will
be radiated away and detected as electromagnetic waves by telescopes.

If the luminosity is very high, the radiation created by accretion will start to affect the
accreting material itself, regulating the whole process. If the luminosity exceeds a certain
threshold, the accretion will be prevented, effectively stopping the rise of luminosity. Assuming
that the accreting matter is fully ionised hydrogen, the blob of matter may be deemed as a large
number of bound electron-proton pairs which are affected by both gravity (mainly protons) and
radiation force (mainly electrons). Suppose the object’s luminosity (energy output in a unit of
time) is L. Gravity attracts protons (and electrons bound to them) with a force Fy = GMm,/ r?
(mp = 1.7X 1072* g is a proton mass) for a distance . The light puts outward pressure on electrons
by means of Thomson scattering. If the flux of radiation energy per unit area at the same distance
ris S = # erg s~ em™22, the outward force is Fyyq = orS/c (Where or = 6.7 X 1072 cm? is
the electron scattering cross-section). The two forces Fy,q and F, are balanced for a luminosity
Lgqq which does not depend on distance and equals to

A4arGMmyc M
LMd:—————ﬂ-zlsxlo”(——
oT M@

) erg s7!

This luminosity is called Eddington Luminosity and depends linearly on the mass of the
object matter accretes onto. We assumed spherical symmetry of the problem, which probably
does not hold in the majority of astrophysical situations, but it is a useful order-of-magnitude
estimate of the maximum attainable luminosity.

The accretion luminosity L, is usually expressed through the mass accretion rate M as

_GMM

L acc R ’

where R is the radius of an object. Part of this energy is released via an accretion disc, and the
rest is released on the surface of an accretor (or is not released for a black hole), see Shakura,
Sunyaev (1988); Sibgatullin, Sunyaev (2000)

Next, we briefly describe what kind of accretion flow is expected in the majority of sources
(from White Dwarfs to the most massive quasars). We touch on the distribution of radiation
intensity in different wavelengths and how it depends on the compact object.

It is now well established that significant energy release in accreting systems occurs via
the viscous accretion disc (Lynden-Bell, 1969; Shakura, Sunyaev, 1973; Pringle, 1981). The

Tn black holes, the energy release occurs mostly on radii a few times larger than the gravitational radius (Shakura,
Sunyaev, 1973). The efficiency of black hole accretion is around 0.1 of rest mass, and for neutron stars, it is 0.15 of
rest mass. Nuclear fusion has the efficiency of 0.007 of rest mass.

2radiation flux will be referred to as F for all other chapters of the thesis.
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current standard model is the so-called a-discs proposed by Shakura, Sunyaev - optically thick,
geometrically thin discs3. Radiation forms from half of the energy of accretion. The angular
velocity of rotation Q(r) is Keplerian
1/2
GM
o =axn (%)

where M, as above, is the mass of an accretor. The energy release occurs from the friction
due to the differential rotation of matter.

The temperature of the disk depends on the distance to the accretor r and the mass accretion
rate M

T(r) = [M [1—\/R_/r]]1/4,

8nri3osp

where osp is the Stefan-Boltzmann constant. The maximum of the temperature 0.4887, is

achieved on a radius %R, with

o (3Gmr )\
|\ 8rR3ogp '

We note a few interesting consequences of this equation: (i) For a stellar mass BH or a

NS the expected temperature is ~ 10’ K (i.e. kgT ~ 1 keV, where kg = 1.38 x 1071¢ erg
o\ 1/4
M

K~! is a Boltzmann constant) (ii) For BHs, the temperature scales as M -1/4 (@) - for a

constant accretion rate (in terms of Eddington Luminosity), less massive black holes have higher
temperatures.

The fate of matter after achieving the inner regions of the disc depends on the nature of the
accretor. For white dwarfs and neutron stars, there is a surface to fall onto, but for BHs there is
only an event horizon. We will discuss the difference later.

The emitted spectrum of a disc can be crudely presented as the sum of black body rings
emitting radiation with different temperatures (Shakura, Sunyaev, 1973). The effective shape
of the spectrum is a power law with the exponential decay (the Wien tail) at the energies
corresponding to the largest disc temperature. The outer disc temperature dictates the shape
of the spectrum on longer wavelengths. In massive black holes (with masses over 10° M) the
temperature of the disc falls into the UV region of the spectrum; whilst for stellar mass BHs or
neutron stars the temperature is in the X-ray regime.

However, observations show that another component of the accretion disc emission is present
in accreting BH (from stellar mass BHs to SMBH). This component possesses much higher
photon energies than the disc emission and is related to the presence of hot plasma in the vicinity
of accreting matter, called corona (Galeev et al., 1979; Haardt, Maraschi, 1991, 1993). Corona
is believed to be quite compact, extending at most by a few tens of gravitational radii from the
accretor. This material is hot (~ 10° K) and optically thin (electron scattering optical depth

3For systems with low accretion rate, the disc may not be geometrically thin and optically thick, see Narayan, Yi
(1995); Yuan, Narayan (2014). We, however, focus on relatively bright systems and a-discs.
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7 < 1). Corona intercepts some part of the disc emission and reprocesses it. The process
of inverse Compton scattering transfers energy from the hot electrons of the corona to the less
energetic photons from an accretion disc, effectively creating a power-law distribution of intensity
in wavelengths. The exponential cutoff at high energies (> 100 keV) is also observed and related
to the temperature of corona (Sunyaev, Truemper, 1979; Sunyaev, Titarchuk, 1980; Titarchuk,
1994). In both stellar mass and massive BHs comptonized spectrum falls into the hard X-ray
regime (energies > a few keV).

Some scattered photons are directed towards the accretion disc when they are reprocessed
again. Some are reflected back to the observer and the reflection component of the energy
spectrum is detected (Pounds et al., 1990; George, Fabian, 1991; Magdziarz, Zdziarski, 1995;
Ross, Fabian, 2005). The shape of reflection is dictated by the physical conditions of the disc and
its geometry, generally having a hump-shaped spectrum peaking around 30 keV with emission
lines imposed on it (Basko et al., 1974; Fabian et al., 1989). Reflection of hard radiation plays an
important role in X-ray pulsars and is the primary method of investigation in Chapters 5 and 6 of
this thesis.

The schematic view of the accretion flows and radiation in a stellar black hole binary is shown
in Fig 1.1.

In the next two sections, we describe the basic properties of X-ray pulsars (sect. 1.2) and
Active Galactic Nuclei (sect. 1.3).
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Figure 1.1: Main components of X-ray emission from an accreting black hole with stellar mass.
The top panel shows the emitted spectrum (by different components), bottom panel shows the
plausible geometry of the accretion flows. The picture is similar for accreting massive black holes
(at the centres of galaxies) but with much lower disc temperatures. From Gilfanov (2010).
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1.2 Accretion onto neutron stars and X-ray pulsars

Stars with a stellar mass M, > 8 M end their lives in a spectacular explosion called core-collapse
supernova (Bethe, Wilson, 1985; Carroll, Ostlie, 1996; Woosley, Janka, 2005; Sukhbold et al.,
2016). A neutron star or a black hole appears as a result of this dramatic event. When a star runs
out of thermonuclear fusion, the force of gravity can no longer be negated by the pressure of gas or
radiation, and the catastrophic collapse of the star ensues. In very massive stars (M, > 20—-30M)
the result of the collapse yields a black hole.

In the less massive stars, a very dense object of small radius is born - a neutron star, with the
mass in the range 1.4 —2.2M¢, and radius 10 — 20 km (Cerda-Duran, Elias-Rosa, 2018). Neutron
stars tend to have very large magnetic fields and angular momentum due to the conservation of the
respective quantities. Typical values for magnetic field lie between 10° — 10'* G, and the rotation
frequency can be as fast as one hundred times in a second. Another way to create a neutron star
is the explosion of white dwarfs (WD), a product of the evolution of low-mass stars, see Canal,
Gutiérrez 1997; Yungelson, Kuranov 2016. White dwarfs accreting material in a binary star
system may eventually achieve its mass limit of 1.4M (called Chandrasekhar limit), collapse on
itself and leave a neutron star as a result. Two white dwarfs merging with each other also may
create a neutron star.

Neutron stars (also stellar mass black holes and white dwarfs) are frequently found in a
binary star system - when they are paired with a normal star (Remillard, McClintock, 2006).
When a companion star has low mass (< Mg), such systems are dubbed a Low-mass X-ray
binary (LMXB). If the companion star is massive, they are classified as a High-mass X-ray
binary. Accretion in such systems is very common due to the constant flux of matter onto the
compact object (due to the Roche lobe overflow or stellar wind, see Frank et al. 2002; Remillard,
McClintock 2006). HMXB and LMXB can be very bright and achieve luminosities of 108
ergs~! or more. A particular type of HMXB studied in this thesis is the so-called Be/X-ray
binaries (BeXRBs). They harbour a neutron star and a fast-rotating star of O or B class with an
equatorial circumstellar disc (Reig, 2011; Coe, Kirk, 2015). They frequently show outbursts of
X-ray radiation related to the processes of accretion onto the neutron star (Okazaki, Negueruela,
2001; Okazaki et al., 2002). A more complete introduction to BeXRBs may be found in Chapter
5.

During the accretion onto an object with a hard surface, accreted material forms a boundary
layer which emits half of the accretion energy (luminosity) if the rotation of an object is much
slower than the Keplerian velocity (Shakura, Sunyaev, 1988; Frank et al., 2002). However, in
pulsars, a phenomenon investigated in Chapters 5 and 6, the disc does not extend towards the
surface of a compact object (neutron star).

When an accretor (a white dwarf or a neutron star) has a strong magnetic field, the accretion
disc changes its structure dramatically. The magnetic field disrupts the innermost regions of the
disc because the magnetic pressure starts to control the disc’s dynamics (Ghosh, Lamb, 1979).
The characteristic radius is the so-called Alfven radius, on which the pressure of falling matter
and magnetic field are equal in an idealised case of spherical accretion on a magnetised object
(assuming dipole filed). In this section, we will focus solely on neutron star accretion. Alfven
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radius can be calculated with the formula (Ghosh, Lamb, 1979; Frank et al., 2002; Mushtukov
et al., 2017)

R em ,

rv = 2.9 x 10822 (M Mo) ™ 13 R,

37

where ry; is the Alfven radius, L37 is the luminosity in units of 1037 ergs™!, M is the mass of a
neutron star, u3o is the magnetic moment in units G cm™3, R is the radius of a neutron star in
units of 10% cm. For a typical accreting neutron star the numerical factors are all of the order of
unity, and the Alfven radius is around 3000 km. In the accretion from the disc, the inner side
of the disc is expected to be smaller than the Alfven radius by a factor of a few (Ghosh, Lamb,
1979).

What happens with matter at radii less than Alfven radius, is dictated by magnetic field. If
the inner disc radius is larger than the co-rotation radius (the radius when the angular Keplerian
velocity equals the spin velocity of a NS) the accretion is inhibited by centrifugal forces, leading
to the decrease in accretion rate - so-called propeller effect (Illarionov, Sunyaev, 1975).

Otherwise, the accretion flow follows the magnetic field which accumulates matter onto the
poles of a neutron star (in a dipole configuration). The so-called hot spot is formed by decelerated
particles. In some cases, an accretion column appears (see below). Due to the rotation of the
neutron star, if the magnetic axis and the rotation axis are misaligned, the emission from the hot
spot columns will be modulated with the rotation of the neutron star. Such pulsating emission
gave a name to such a phenomenon - Pulsar. Because we focus on the X-ray emission, the
objects of interest in this thesis emit mostly X-rays and are called X-ray pulsars (see Mushtukov,
Tsygankov, 2022, for a comprehensive review). The general illustration of accretion flows is
shown in Fig. 1.2. Those objects are unique laboratories suited for studying the extremes of
astrophysics (Mushtukov, Tsygankov, 2022): general relativity and quantum effects, extreme
magnetic fields, extreme accretion luminosity and temperature, plasma and radiation physics
under conditions unattainable on Earth.

The observed spectra of X-ray pulsars are usually described with a power law emission with
exponential decay at large energies (> 20 — 30 keV) and features superimposed on it. The
most common features are the iron emission line (from reflection), and the cyclotron absorption
features (CRSF, related to the presence of Landau levels in the electron distribution). Basko,
Sunyaev (1976); Lyubarskii, Syunyaev (1982) proposed the model of accretion columns to explain
the basic properties of X-ray pulsars. In the low-M regime, the matter reaches the NS surface
freely and transfers energy to the pulsar’s atmosphere - a hot spot is formed. As the accretion
rate rises, the shock wave is formed and the falling plasma releases its energy through radiation
(Compton scattering of hot spot emission). When the accretion rate is above a critical threshold,
the accretion column height is large and the emission escapes the column from the sides (Gnedin,
Sunyaev, 1973; Mushtukov et al., 2015a, 2017). The emission diagram is called a ’fan-beam’
when the radiation escapes through the sides, and a ’pencil-beam’ when it escapes through the
top of the column (Schonherr et al., 2007). The illustration is shown in Fig. 1.3. The rotation of
the emission region coupled with the variable observer’s line of sight through the column creates
a very wide variety of observed X-rays from pulsars. The variability of the spectrum is also
very prominent - the spectrum of an X-ray pulsar may change very dramatically with the phase
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Figure 1.2: Schematic of an X-ray pulsar and the accretion flows around. From Tsygankov et al.
(2022); Mushtukov, Tsygankov (2022).

of rotation (method of phase-resolved spectroscopy, extensively used in Chapters 5 and 6), but
aperiodic variations are also ubiquitous. More elaborate discussion of the energy spectra and
variability can be found in different sections of Chapters 5 and 6 references therein, for a recent
review of theory and observations see Mushtukov, Tsygankov (2022).

The theory of accretion columns outlined above allows one to crudely (qualitatively at best)
describe the observed intensity profile of pulsations (e.g. single- or double-peaked profiles). There
are no self-consistent models able to explain the wealth of observational data, see the review by
Mushtukov, Tsygankov. In the respective chapters of the thesis, elaborate discussion can be found
on the possible mechanisms for spectral and temporal variability, and the interpretation of those
with the models of accretion column and accretion flows around the accretor.

In this thesis (Chapters 5 and 6) we focus our attention on the geometrical configuration
of the accretion flows around X-ray pulsars. For that, we used one of the readily available
methods sensitive to the geometry of the system — reflected spectrum (see the aforementioned
chapters and references therein for discussion). A new avenue for the studies of geometry is
the studies of polarisation of X-ray emission (Basko, Sunyaev, 1975). Recent advances in X-ray
polarimetry with the advent of IXPE satellite (Weisskopf et al., 2016) allowed researchers to
put first constraints on the polarisation properties of magnetised neutron stars. Turned out that
the emission was significantly less polarised than expected, and it is tentatively related to the
processes of reprocessing of emission by accretion flows, disc or companion star (see Tsygankov
et al. (2022) for discussion).
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1.3 Active Galactic Nuclei

It is now well known that most (almost all) massive galaxies host a supermassive black hole
(SMBH) with masses M > 106M@ at their cores (Kormendy, Ho, 2013; Heckman, Best, 2014).
These black holes gather mass during the episodes of intense accretion of matter from the
surroundings. While accreting, the core of a galaxy becomes very bright and usually outshines
the galaxy it is located in. Such objects are thus called the Active galactic nuclei, or AGN
(Padovani et al., 2017). A Quasar is a very luminous sub-type of an AGN where the central
machine is so bright that the galaxy hosting it cannot be discerned. The accretion power of AGN
allows them to be detected at very large distances (high redshifts#).

AGN and quasars emit light in a wide spectrum of energies, from radio to X-rays and y-rays
(Frank et al., 2002; Padovani et al., 2017). X-ray emission is one of the least biased ways to
detect AGNs (see below) and is a primary means of study in this thesis. The typical emission of
an accretion disc in an AGN has a peak in the ultraviolet-optical wavelengths (Yuan, Narayan,
2014), but the reprocessed emission in the disc corona and galactic material far away from the
black hole have its signatures in the emitted spectrum on larger and smaller wavelengths. There
are numerous observed classes of AGNs (AGN zoo, see Padovani et al. 2017 for review), usually
classified by their spectra in optical wavelength (e.g. the width of emission lines, the shape of the
continuum, etc). It is now clear that a large part of the variability in classes is attributed mainly
to the orientation effects (e.g. orientation of the system with respect to an observer). Studies are
complicated further due to the variability of AGN emission over a wide range of timescales.

The unification scheme of AGN strives to unite the different manifestations of active nuclei
under the framework of accretion onto BH and how the surrounding galaxy affects the observable
radiation (Antonucci, 1993; Urry, Padovani, 1995; Netzer, 2015; Padovani et al., 2017; Hickox,
Alexander, 2018). It is currently believed that the black hole and its accretion disc are surrounded
by a torus of dusty and molecular material capable of blocking and reprocessing radiation
emanating from an accretion disc. The inner regions of an AGN produce emission from accretion
disc, corona, jet (if present) and the ionised gas responsible for broad emission lines. In regions
near or behind the torus, a narrow line region is located. The torus itself reprocesses emission from
an accretion disc and radiates it away in the infrared wavelengths. The ionised gas responsible
for broad lines, broad line region (BLR), is located within the sphere of influence of a black hole
and has typical broadening corresponding to velocities of 103# km/s. The narrow line region
(NLR) is located farther from the black hole and its dynamics is dictated by the host galaxy, with
a typical broadening of 100 — 500 km/s (Hickox, Alexander, 2018). BLR may be blocked by
the torus and is usually not detected in obscured sources. The schematic structure of an AGN
surroundings is shown in Fig. 1.4. The example of Spectral Energy Distribution (SED) coming
from different components is shown in Fig. 1.5. Overall, the majority of energy release occurs
in the central regions of an AGN. The X-ray emission originates almost exclusively in the very
central regions, therefore probing the most energetic part of the accretion flow.

4Redshift (z) is a cosmological term for *distance’ in this thesis. Redshiftis an increase on the observed wavelength
Aobs due to the expansion of space in comparison with the emitted (rest-frame) wavelength Ayes: z = j‘)"j — 1. Hence,
the energy of photons becomes smaller by a factor of 1 + z for a distant observer.




1.3 Active Galactic Nuclei 11

X-ray spectrum of a generic AGN is a power-law to a first-order approximation. Its intensity
is written as F(E) o E-T=D with F is the flux of energy [keV (photons s™' cm™2 keV~")] and
I" is a photon index. Energy flux in a narrow energy band [E, E + dE] is F(E)dE. If " = 2, the
energy spectrum EF(E) is flat, if ' < 2, the spectrum is hard and has higher energy output in
larger energies, and vice versa if I" > 2. The typical value for photon index for X-ray selected
non-absorbed AGN is I' ~ 1.9 although with large dispersion (Ge et al., 2022; Liu et al., 2022a).
The emission is believed to be related to the process of inverse Compton scattering of disc photons
in the corona and is described in sect. 1.1. The high energy data shows the exponential cut-off of
the spectrum due to the temperature of the corona.

The spectrum has sometimes additional modifications. X-ray reflection is prominent in some
sources and manifests itself in the form of iron line emission at ~ 6.4 keV and reflection hump (as
also described in sect. 1.1). The spectral shape and temporal variability of reflected emission is a
useful tool to study the innermost regions of the accretion flow and the properties of a black hole
(e.g. Reynolds, Fabian, 2008; Reynolds, 2014). Recently, X-ray polarimetry studies provided
insights into the geometry of the X-ray-producing corona (Gianolli et al., 2023).

At energies smaller than the onset of corona emission (~ 1 keV), sometimes an excess of
X-ray emission is observed, and it has unclear origin (Gierlifiski, Done, 2004; Crummy et al.,
2006; Done, 2010; Done et al., 2012). It is usually called ’soft excess’ and has temperatures of
0.1 — 0.2 keV independent of BH mass, in contrast to what is expected from an accretion disc.
Possible explanations involve additional warm corona or modified emission from the disc (see
references above).

Absorption of X-ray emission is possible by interstellar material in the host galaxy and in
our Galaxy. Flux suppression in soft X-ray range (E < 1 — 2 keV) can be accounted for by
using the tabulated abundances and cross-sections of interstellar gas, red-shifted if necessary
(Done, 2010). The absorption strength depends on the line-of-sight (LOS) hydrogen column
density (Ny, measured in units of cm™2). The LOS hydrogen column density for absorption in
our Galaxy depends on the part of Milky Way we are looking through and is smallest far from
the galactic disc (typical value is Ny ~ 102! cm™2). Intrinsic absorption related to the host
galaxy, however, has a range of possible values, from small absorption (Ngy < 102! cm™2) up
to regime when Ny ~ 10%* cm2 (the electron-scattering optical depth is around unity). AGNs
with small intrinsic absorption are called unobscured (or type-1 AGN), and those with moderate
or high column densities are called obscured (type-2 AGN). Compton-thick AGNs are AGNs
with absorption column densities Ny > 10?* cm™2 (roughly the inverse of electron scattering
cross-section). In the heavily obscured case, soft X-ray emission of the central machine may be
completely absent — only the reflected part is usually detectable. In general, obscuration affects
different wavelengths differently, and here we focus only on the X-ray emission. For a review of
obscured AGNs, see Hickox, Alexander (2018).

AGN signatures at the galactic core usually unambiguously indicate that there is indeed a
black hole at the galactic centre. A black hole can also be detected if this black hole is dormant
(not an AGN). One opportunity relevant to this thesis is a Tidal Disruption Event (Hills, 1975;
Rees, 1988) - a process of disruption of a star when it passes too close to a black hole. Tidal
forces experienced by a star in the vicinity of a black hole may exceed a star’s self-gravity, leading
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Figure 1.4: Visual scheme for a unified model of AGN. The central regions near the black hole
produce radio (if the jet is present), X-ray (corona) and UV (disc) radiation. The dusty torus
(obscuring medium) blocks the central regions (if the observer is on the right side of the picture)
and reprocesses the radiation into IR emission. Clouds responsible for broad (BLR) and narrow
(NLR) lines are also shown. The thick disc is a possible accretion flow configuration for high-
luminosity systems. From Frank et al. (2002). 1 parsec is ~ 3 x 10'® cm.
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components of an AGN (marked in the legend of a plot). Spectra of a galaxy with active star
formation is shown in grey. From Hickox, Alexander (2018) originally adopted from Harrison

(2014).
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to the disruption of stellar material. A radius at which a TDE occurs is the so-called tidal radius:

1
MBH)§

star

rt:Rstar(

For a 1M, star and a 10°M, black hole, this radius is around 1 a.u. (7 x 107 km). If the tidal
radius is smaller than the BH’s gravitational radius, the star is swallowed as a whole without
a tidal disruption. The accretion of the disrupted material leads to the luminosity decaying in
time (after initial peak) as a power-law function (Rees, 1988), M o« 1733 with a peak effective
temperature of kg7 ~ 30 €V for Mgy = 10°My. Emission of TDE may frequently be identified
with X-ray observations of a galaxy when the central black hole changes its brightness according
to the power-law explained above. For a review of TDE, see Gezari (2021). In this thesis, a TDE
is a subject of investigation in Chapter 4, specifically in section 4.5.1.
Next, we will make a short introduction to the AGNs> as a population and how it is studied.

1.3.1 AGN population studies in X-ray

The census of accreting black holes over a wide range of cosmic time allows for studying the
processes of their formation and evolution. It is known that the properties of SMBH are tightly
correlated with the properties of their host galaxies notwithstanding a very small sphere of
influence of a BH (Ferrarese, Merritt, 2000; Di Matteo et al., 2005; Hopkins et al., 2006, 2008;
Fanidakis et al., 2012; McConnell, Ma, 2013; Kormendy, Ho, 2013; Heckman, Best, 2014;
Harrison et al., 2018). The exact mechanism of this relationship (called ’AGN feedback’, see
Lagos et al. 2008; Alexander, Hickox 2012 and references above) is not known but it is certain that
the growth of SMBH through accretion and the process of galaxy evolution are related (almost
every galaxy is an AGN in some part of its life).

AGNs are quite numerous - millions of such sources are known from surveys in different
wavelengths, from radio to y-rays. It is long known that the population of AGNs is not static:
currently, the spatial density of AGNs is not as large as it once used to be (cosmic evolution).
This behaviour is seen in AGN surveys in radio, optical and X-ray bands and discussed below in
more detail. The AGNs are also not distributed uniformly in space - they are clustered, and this
non-uniformity has been measured in different bands of electromagnetic radiation. Studying the
properties of the population helps to understand the growth of SMBHs and what environment
AGN primarily occupy.

X-ray surveys reveal AGN activity in a less biased way compared to surveys at longer
wavelengths (see Brandt, Hasinger (2005); Brandt, Alexander (2015) and also Fig. 1.6). In the
last decades, a multitude of X-ray surveys of both deep® and shallow” types were performed.
Almost all data come from X-ray surveys performed by ROSAT 8 (Truemper, 1982), Chandra X-
ray observatory (Weisskopf et al., 2002), XMM-Newton® (Jansen et al., 2001), Neil Gherels Swift

SAGNs (plural form) will also be referred to as simply AGN in this thesis
6deep X-ray exposure and small sky area, so-called pencil beam surveys
7shallow X-ray exposure and large sky area

8Roentgensatellit

9X-ray Multi-Mirror Mission
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Figure 1.6: Active galaxy NGC 3783 in the optical (left) and X-ray (right, Chandra 2-8 keV)
light. The emission of an accreting massive black hole is unambiguously identified from an X-ray
image, whereas the optical data is contaminated by the host galaxy. From Brandt, Alexander
(2015).

Observatory (Gehrels et al., 2004), NuSTAR 1° (Harrison et al., 2013), and recently SRG/eROSITA
(Predehl et al. (2021), extensively used in this thesis as described in sect. 1.4). The plot of limiting
X-ray flux — survey area corresponding to major X-ray surveys is shown in Fig. 1.7. In this figure,
deep surveys have a small area but the best sensitivity, whereas shallow surveys cover a much
larger area but have worse sensitivity. SRG/eROSITA telescope extensively used in this thesis is
a wide-angle survey. We note that AGNs form the majority of X-ray detected sources down to
the flux limits of ~ 1077 erg s™! cm™2 (Lehmer et al., 2012). In fact, the AGN angular density
achieves ~ 10* sources per degree squared (Luo et al., 2017), and deep surveys show that the
AGN:ss are responsible for ~ 90% of the so-called extragalactic Cosmic X-ray background (CXB,
Gilli et al. 2007; Moretti et al. 2012; Cappelluti et al. 2017).

These surveys allowed the precise measurements of AGN spatial density and the history of
SMBH growth (as a function of redshift, luminosity and intrinsic absorption) up to large redshifts
(z < 6), with an incomplete list of essential papers: Miyaji et al. (2000); Ueda et al. (2003);
Hasinger et al. (2005); Brusa et al. (2009); Aird et al. (2010); Vito et al. (2014); Ueda et al.
(2014); Aird et al. (2015); Buchner et al. (2015); Georgakakis et al. (2015); Miyaji et al. (2015);
Ranalli et al. (2016); Fotopoulou et al. (2016); Ananna et al. (2019); Wolf et al. (2021). The study
of spatial density is performed with the construction of X-ray luminosity functions (XLF).

XLFs ¢ encode the number of objects dN per unit comoving volume dV and (log!) X-ray

10Nuclear Spectroscopic Telescope Array
Win this thesis, log operator will mean the decimal logarithm of a quantity
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luminosity d log Lx:
dN

dvdlog Lx

The estimation of the XLF in a bin (assuming negligible evolution within the bin) may be
performed with this formula (Page, Carrera, 2000):

¢(10g LX’ Z) =

N
/ / Q(log Lx, z) c(11—‘Z/dzd logLx

Pbin =

where N is the number of (observed) objects in a bin, ‘é—‘; is the differential comoving volume, and
Q(log Ly, z) is the area of a given survey for sources with a particular luminosity and redshift
(so-called selection function). In the simplest case of a flux-limited survey, the survey area is the
geometrical area of a survey for fluxes above the flux limit and zero otherwise. More thorough
analysis involving simulations or analytical computations is usually needed to assess the available
sky area of a survey (hence probed volume) as a function of flux (Georgakakis et al., 2008; Liu
et al., 2022b).

Currently, more elaborated techniques are frequently used to make an unbinned estimation of
XLF for an assumed functional dependency of XLF on luminosity and redshift (Georgakakis et al.,
2015; Aird et al., 2015; Fotopoulou et al., 2016). The benefit of that approach is that the likelihood
calculations may take full advantage of the fact that neither X-ray flux (luminosity) nor redshift
are measured precisely and have uncertainties for each source. Non-parametric forms of XLF are
also constructed (Buchner et al., 2015). The addition of a new dimension - intrinsic hydrogen
absorption Ny, allows to also take into account that unabsorbed sources are over-represented in
soft X-ray surveys. In fact, it is currently accepted that obscured AGNs constitute the majority
of the AGN population (Ueda et al., 2014; Aird et al., 2015; Buchner et al., 2015; Ananna et al.,
2019), see also Hickox, Alexander (2018, sect. 3) for review. The obscured portion of the AGN
population depends on the luminosity and redshift (see references above). One of the peculiar
results on the growth of the SMBH is that the peak abundance of low-luminosity AGNs occurs
later in cosmic time (smaller redshift) than the peak of high-luminosity quasars, as illustrated in
Fig. 1.8 and is called ’AGN downsizing’. Those facts are important to reconcile the growth of
SMBH and their host galaxies (Alexander, Hickox, 2012; Fanidakis et al., 2012; Harrison et al.,
2018).

In this thesis, we construct the X-ray luminosity function of a specific kind of active galaxies,
AGNs located in galaxies of small mass (dwarf galaxies). We use a similar approach to that
outlined above, but instead of volume density, we calculate the incidence of AGN in a parent
population of dwarf galaxies in the Sloan Digital Sky Survey (SDSS). For more information, see
Chapter 4 and specifically sect. 4.4.4.

Another important tool to study the environment and triggering mechanism of (X-ray) AGNs
is the study of their distribution in space (clustering studies), see Gilli et al. (2005, 2009);
Cappelluti et al. (2010); Hickox et al. (2011); Krumpe et al. (2012, 2018). Numerical simulations
show that the growth of structures (structure formation) in the Universe is driven mainly by dark
matter and structures experience hierarchical growth from the primordial density fluctuations
(Springel et al., 2005). Galaxies (including AGNs) are believed to live in dark matter halos
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(DMH) - large-scale agglomeration of dark matter which serves as a building block of the Large-
Scale Structure (LSS) of the Universe (Navarro et al., 1996, 1997). Galaxies (and AGNs) are
therefore tracers of the LSS, but, in a way, biased — galaxies do not form in every DMH, they
occupy the most pronounced density peaks. In turn, AGNs are also a quite rare type of galaxy,
therefore they have a bias of their own. The clustering properties of the AGN population may
give hints about the environment they occupy, mainly via the estimated mass of the dark matter
halos which is directly related to the clustering strength and its evolution with redshift.

Currently, it is estimated that the X-ray selected AGNs predominantly occupy halos with a
mass similar to that of a group of galaxies (Mpmy ~ 1013 M), see Allevato et al. (2011, 2016,
2019); Viitanen et al. (2023). It hints to a scenario of AGN triggering via mergers of galaxies
is subdominant in comparison to secular processes (such as disc instabilities), but the dominant
fuelling mechanism may depend on luminosity (Hopkins et al., 2006, 2008). See Cappelluti et al.
2012 for the review of X-ray clustering of AGNs. The clustering of obscured and unobscured
AGN:Ss is also studied in attempts to check whether the obscuration is a geometrical effect or
whether those AGNs live in different environments. The majority of works do not report very
significant differences between the clustering of type-1 and type-2 AGNs (Ebrero et al., 2009;
Coil et al., 2009; Mountrichas, Georgakakis, 2012; Powell et al., 2018), but the matters are
complicated due to the different definitions of obscured AGNs used by different authors (e.g. via
the hardness ratio or the measured hydrogen column density, see Viitanen et al. 2023). Some,
on the other hand, claim the difference in the clustering (thus environment) between two types of
AGNs (Elyiv et al., 2012; Koutoulidis et al., 2018; Viitanen et al., 2023). Overall, the progress
in understanding the dependence of the clustering strength of AGNs on luminosity, redshift or
type is somewhat hampered by the relatively small sample sizes used to derive the correlation
function. The advent of SRG/eROSITA with a clean sample of a few million X-ray AGNs will
provide a new window into the studies of the LSS of X-ray AGNs and quasars (Kolodzig et al.,
2013a).

From the point of view of data analysis, the clustering studies are performed with the help of
correlation functions. Briefly, a two-point autocorrelation function (ACF, &(r)) is a two-point
statistic which estimates the probability dP of finding a pair of objects at a given separation in
small volume elements: dP = n?[1 + &(r)]dV;dV,, where n is the density of objects, dV 5 is the
volume element. ACF is estimated from the data using the randomly generated catalogues with
similar selection functions as in a real catalogue, but uniform distribution of sources in space.
Clustering studies may be performed in 3D (spatial) or in 2D (angular) space. For a review of
the clustering measurement techniques, see Cappelluti et al. (2012) and also Chapter 2. The
models of bias factors of X-ray AGNs!2 and how it can be translated into measurable correlation
functions is described extensively in Chapter 2, sect. 2.3. In the same chapter, we discuss how
the overall shape of the correlation function depends on the cosmological parameters (the history
of the growth of primordial density fluctuations) and show that the SRG/eROSITA sample of
AGNs will be able to pinpoint the values of cosmological parameters.

12i.e. the increase of clustering amplitude of their 3D power spectra with respect to the underlying dark matter
fluctuation power spectra



18 1. Introduction

Einstei g :
ROSAT )
Chandra 2 Vemss 2RXS*"
— XMM—-Newton .- : -
g 107 >
N o - ISEE
< o 10> e
S T | -4
£ 10% %
9 " RIXOSA .~ ANEP K
o , @ XMM-ATLAS 107
£ " OxMs " o
= -14 | -
>< 10 Stripe82x o
3 o I
= ; : '
> XMM—B"CS.XMM_RM 10:
I /CoWFSHl  @XMM-XXL N/S+ : !
o L !
| XM& COSMOs OXMM-SERVS :
0 O 4XMM :
o 10715} ®sxos [l€hamp fesceo -
- ; ; 1 .
McosMos-L. !
IR RPN A EEPETIT BT B P
10° 10! 10? 10° 10* 10°

Area [deg®]

Figure 1.7: Limiting flux - area curve for various X-ray surveys and SRG/eROSITA. Original
image from Brunner et al. (2022a) with the addition of eROSITA surveys: eFEDS (Brunner et al.,
2022a), Lockman hole (Gilfanov et al., in prep + see Chapter 3), eRASS 8 (full-sky average
and poles). The dotted lines show the contours of a constant number of detected sources using
number counts from Mateos et al. (2008).
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Figure 1.8: Co-moving number density of AGNs as a function of redshift. Colours encode the
(log) X-ray luminosity. AGN downsizing is evident - less luminous objects peak later in time
than more powerful AGNs. Adapted from Brandt, Alexander (2015), originally from Ueda et al.

(2014).
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Figure 1.9: Left: artist’s impression of SRG in space. ART-XC is on the top, eROSITA is at
the bottom, and both are mounted on a platform *Navigator’. Right: Schematics of an orbit of
the observatory, arrow shows the rotation of the spacecraft during the all-sky scanning mode.
Distance to Earth is around 1.5 million km. Both figures from Sunyaev et al. (2021).

1.4 SRG/eROSITA X-ray telescope

As demonstrated above, X-ray surveys are the most direct way to find and study active galactic
nuclei. AGN science is one of the main drivers for SRG/eROSITA telescope (Merloni et al.,
2012). eROSITA stands for "extended ROentgen Survey with an Imaging Telescope Array",
and SRG is an abbreviation of "Spektr-RG" (Spectrum + Roentgen + Gamma).

SRG (Sunyaev et al., 2021) is a Russian-German astrophysical space observatory launched
on 13 July 2019 from Baikonur Cosmodrome. It hosts two X-ray telescopes - eROSITA (Predehl
et al., 2021) and ART-XC (Pavlinsky et al., 2021). eROSITA is sensitive to X-rays with energies
0.2-9 keV and was developed by the Max Planck Institute for Extraterrestrial Physics (MPE).
ART-XC (Mikhail Pavlinsky Astronomical Roentgen Telescope - X-ray Concentrator) is a hard
X-ray telescope with sensitivity in the 4-30 keV energy range, developed by Space Research
Institute (IKI). The main view of the observatory and its orbit to perform scans is shown in Fig.
1.9. The observatory is located in the second Lagrange point of the Earth-Sun system on the
so-called halo orbit (Sunyaev et al., 2021).

eROSITA is the second telescope (after ROSAT, Truemper (1982); Voges et al. (1999)) to
perform the survey of the sky in soft X-ray wavelengths. The main scientific drivers for the mission
are problems related to galaxy clusters and AGN population studies. The population of galaxy
clusters (namely, their distribution in mass, redshifts and clustering properties) are sensitive to the
cosmological parameters such as matter density 2, and total rms fluctuation power og (Vikhlinin
et al., 2009a,b; Allen et al., 2011), see Chapter 2. In comparison to ROSAT, eROSITA is by a
factor of ~ 20 more sensitive to soft X-rays, allowing the production of an unprecedented number
of detected AGNs and galaxy clusters, and pushing further AGN population studies including
X-ray luminosity functions, clustering and even cosmological measurements (Kolodzig et al.,
2013b,a; Hiitsi et al., 2014; Comparat et al., 2019). eROSITA performed a few auxiliary surveys
during the performance verification phase of the mission. One survey is called eFEDS (eROSITA
final equatorial depth survey, Brunner et al. 2022b) and the deep survey of Lockman Hole
(Gilfanov et al., in prep). eFEDS has an area of approximately 140 squared degrees and has
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limiting sensitivity close to what is expected from the eROSITA’s final all-sky survey sensitivity
in the ecliptic equator (around 10~'* erg s™! cm™?). Lockman Hole survey has an area of around
30 square degrees and has sensitivity by a factor of a few better (around 3 x 10713 erg s~! cm™2).
Both surveys are shown in Fig. 1.7. In this thesis, we use the data from the all-sky survey of
eROSITA (eRASS) in Chapter 4 and the data from Lockman Hole in Chapter 3.

eROSITA’s technical description is provided by Predehl et al.. The instrument consists of
seven identical mirror assemblies (MA, 54 paraboloid/hyperboloid nickel shells with Wolter-I
geometry and gold covering) and camera assemblies (CA, charge-coupled devices with 384 x 384
pixels, with around 1-degree field of view corresponding to approx 10 arcsec pixel resolution on
a sky). Each pair of MA/CA make one of seven co-aligned telescope modules called TM1... TM7.
The average on-axis point source response of MAs is 16.1” half-energy width (HEW) at the
energy of 1.5 keV, but the average over the field of view (FoV) is worse — 26”. The resolution
degrades with the increase of the off-axis angle. The effective area of eROSITA measures its
ability to collect X-rays in the working energy range and depends strongly on the energy of
incident photons. Since the main mode of operation of SRG is an X-ray survey, the important
characteristic is the effective area in a given energy (averaged over FoV) multiplied by the field of
view — a value called grasp. Grasp measures the ability to perform X-ray surveys and is useful to
compare eROSITA with more sensitive telescopes (e.g. Chandra, XMM) having a smaller FoV.
The grasp of eROSITA is shown in Fig. 1.10 and is so far unparalleled in comparison to Chandra,
ROSAT and XMM (in the 0.3-2.3 keV energy range).

In the all-sky survey mode, SRG observatory rotates around the survey axis, making one
rotation in four hours, therefore making a map of the sky with the width of ~ 1 deg (FoV size) and
height of 360 deg. One all-sky scan therefore takes around half a year to complete. The planned
duration of the mission is four years with 8 full all-sky scans (eRASS1...8). So far eROSITA
completed four all-sky surveys and 40% of the fifth. Due to the orbit shape, all scans intersect in
two poles of ecliptic orbit - the exposure here is the greatest (over 1 ks per point in one all-sky
scan), and falls down at smaller longitudes - the expected exposure is around 300 seconds in the
ecliptic equator in a single all-sky scan.

The eROSITA data and properties are extensively used in this thesis (in Chapters 2, 3, 4).
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Figure 1.10: Grasp of eROSITA (red) - the product of the field of view and the effective area at a
given energy. The grasp of other X-ray observatories is shown in different colours according to
the legend. From Predehl et al. (2021).

1.5 Thesis outline

The main results of this work are reported in several published papers (Bykov et al., 2021,
2022b,a, 2023, 2024). Part one of the thesis (Chapters 2,3 and 4) is devoted to the studies of
AGNs and cosmology. Part two of the thesis (Chapters 5 and 6) is related to X-ray pulsars.

In Chapter 2 we explore the prospects of SRG/eROSITA sample of AGN and galaxy clusters
for cosmological measurements. As a cosmological probe, we use the clustering properties of
both populations. We assume the presence of photometric redshift estimates of the distances and
examine its effect on the quality of the forecast. We also consider how the survey parameters
such as area and depth affect the cosmological constraints.

In Chapter 3 we develop a method for the search of optical counterparts of X-ray sources
using SRG/eROSITA catalogue in the Lockman Hole as an example. We apply machine learning
techniques and Bayesian statistics to use the photometric properties of optical objects to select
the most probable counterparts to eROSITA sources.

In Chapter 4 we perform a search for active nuclei in low-mass (so-called dwarf) galaxies.
To identify the accreting black holes, we use X-ray data from SRG/eROSITA. We estimate the
fraction of the active dwarf galaxy population and its dependence on the X-ray luminosity and
stellar mass of the host. We discovered several sources with interesting properties from the point
of view of AGN triggering and BH population.

In Chapter 5 and 6 we study the geometry of accretion flows in two X-ray pulsars. For
that, we use X-ray emission of a neutron star reprocessed by surrounding matter. We perform
time-resolved analysis of X-ray emission spectra and speculate on the possible configuration of
accretion flows.

In Chapter 7 we summarise the main findings of this thesis.
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The thesis is the report of my doctoral projects supervised by Prof. Dr. Rashid Sunyaev and Dr.

Marat Gilfanov at the Max Planck Institute for Astrophysics.

List of publications upon which this thesis is based (in chronological order):

1.

"Pulsating iron spectral features in the emission of X-ray pulsar V 0332+53", Bykov et al.
2021, Monthly Notices of the Royal Astronomical Society, Volume 506, Issue 2, pp.2156-
2169

"ULX pulsar Swift J0243.6+6124 observations with NuSTAR: dominance of reflected emis-
sion in the super-Eddington state", Bykov et al. 2022b, Monthly Notices of the Royal
Astronomical Society, Volume 516, Issue 2, pp.1601-1611

"Optical Cross-Match of SRG/eROSITA X-ray Sources Using the Deep Lockman Hole
Survey as an Example", Bykov et al. 2022a, Astronomy Letters, Volume 48, Issue 11,
p.653-664

"Forecasts for cosmological measurements based on the angular power spectra of AGN
and clusters of galaxies in the SRG/eROSITA all-sky survey", Bykov et al. 2023, Astronomy
& Astrophysics, Volume 669, id.A61, 15 pp.

"SRG/eROSITA catalogue of X-ray active SDSS dwarf galaxies", Bykov et al. 2024, Monthly
Notices of the Royal Astronomical Society, Volume 527, Issue 2, pp.1962—1981
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Part 1

Accreting massive black holes and
cosmological forecast






CHAPTER 2

Forecasts for cosmological measurements based on the angular
power spectra of AGN and clusters of galaxies in the
SRG/eROSITA all-sky survey

The contents of this chapter are based on the manuscript originally published in Bykov et al.
(2023). My contribution to that paper was the main idea for the project, calculations of all
relevant quantities (X-ray luminosity function, angular power spectra, etc.), discussion of the
results in the context of modern cosmological missions and writing. Other authors (especially
M. Gilfanov) contributed to the discussion of calculations and writing.

Abstract

The eROSITA X-ray telescope aboard the Spectrum-Roentgen-Gamma (SRG) orbital observa-
tory, in the course of its all-sky survey, is expected to detect about three million active galactic
nuclei (AGNs) and approximately one hundred thousand clusters and groups of galaxies. Such
a sample, clean and uniform, complemented with redshift information, will open a new window
into the studies of the large-scale structure (LSS) of the Universe and the determination of its
cosmological parameters. The purpose of this work is to assess the prospects of cosmological
measurements with the eROSITA sample of AGNs and clusters of galaxies. We assumed the
availability of photometric redshift measurements for eROSITA sources and explored the im-
pact of their quality on our forecasts. As the LSS probe, we use the redshift-resolved angular
power spectrum of the density fluctuations of objects. We employed a Fisher-matrix formalism
and assumed flat ACDM cosmology to forecast the constraining power of eROSITA samples
of AGNs and clusters of galaxies. We computed the LSS-relevant characteristics of AGNs and
clusters in the framework of the halo model and their X-ray luminosity functions. As the baseline
scenario, we considered the full four-year all-sky survey and investigated the impact of reducing
the survey length to two years. We find that the accuracy of photometric redshift estimates has
a more profound effect on cosmological measurements than the fraction of catastrophic errors.
Under realistic assumptions about the photometric redshift quality, the marginalised errors on the
cosmological parameters achieve 1 — 10% accuracy depending on the cosmological priors used
from other experiments. The statistical significance of Baryon acoustic oscillation detection in
angular power spectra of AGNs and clusters of galaxies considered individually achieves 5 — 60.
Our results demonstrate that the eROSITA sample of AGNs and clusters of galaxies used in
combination with currently available photometric redshift estimates will provide cosmological
constraints on a par with dedicated optical LSS surveys.
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2.1 Introduction

The distribution of matter in the Universe is not uniform. Galaxies form the so-called cosmic
web, comprising filaments, walls, and voids, which make up the large-scale structure (LSS) of
the Universe (Dodelson, 2003; Eisenstein et al., 2005; Beutler et al., 2011; Alam et al., 2017).
Mapping the LSS yields a wealth of important information about cosmological parameters, the
evolution of density perturbations, the growth of structures, and the mass-energy content of the
Universe (Tegmark et al., 2004; Percival et al., 2010; Blake et al., 2011; Padmanabhan et al.,
2012; Abbott et al., 2022a,b). The LSS is traced not only by normal galaxies but also by active
galactic nuclei (AGNs) and clusters of galaxies.

The large-scale structure has been probed by several wide-angle optical galaxy surveys such
as SDSS (Sloan Digital Sky Survey)!, DES (Dark Energy Survey?), 2dF (2dF Galaxy Redshift
Survey?). Using spectroscopic or photometric redshifts of the objects, such surveys unveil the
3D distribution of visible matter in the Universe, permitting us to measure its power spectrum
and to detect and quantify various cosmologically significant effects such as baryon acoustic
oscillations (BAOs, Sunyaev, Zeldovich, 1970; Peebles, Yu, 1970) and redshift-space distortions
(RSD, Kaiser, 1987). These data allow one to measure cosmological parameters (Cole et al.,
2005; Eisenstein et al., 2005; Abbott et al., 2022a,b; Alam et al., 2021). Planned space missions
and ground-based facilities, such as Euclid4, the Vera Rubin observatorys, the Dark Energy
Spectroscopic Instrument®, and the Nancy Grace Roman Telescope” will dramatically increase
the number of objects available for cosmological studies, potentially increasing the accuracy of
cosmological measurements.

To date, all cosmologically significant large-scale structure surveys have been conducted in
visible light. However, the selection of galaxies and quasars in optical wavelengths is complicated
by a number of effects, such as contamination by stars and nearby galaxies, absorption, and several
others. On the contrary, X-ray surveys represent an efficient tool for identifying accreting super-
massive black holes — indeed, AGNs constitute the majority of sources detected in extragalactic
X-ray surveys (e.g. Brandt, Hasinger, 2005; Sunyaev et al., 2021). Deep (but relatively narrow,
up to ~ 25 sq. degrees) X-ray surveys performed by XMM-Newton and Chandra observatories
demonstrated the feasibility and usefulness of studying the clustering of X-ray-selected AGNs
(Allevato et al., 2011; Mountrichas et al., 2016; Kolodzig et al., 2017, 2018; Allevato et al., 2019).
Furthermore, hot intracluster medium shines in X-rays by which means one can detect a cluster of
galaxies without actually registering individual galaxies. X-ray data allow the determination of
cluster mass and temperature, quantities essential for astrophysics and cosmology (e.g. Vikhlinin
et al., 2009a,b; Allen et al., 2011). Thus, X-ray-selected samples present a reasonably clean and
complete flux-limited census of extragalactic objects — AGNs and clusters of galaxies - for which

thttp://sdss.org
2https://www.darkenergysurvey.org
Shttp://www.2dfgrs.net
4https://sci.esa.int/web/euclid
Shttps://www.lsst.org
¢https://www.desi.lbl.gov
"https://roman.gsfc.nasa.gov
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number density is sufficient to study the LSS.

The SRG orbital X-ray observatory (Sunyaev et al., 2021) was launched into the halo orbit
around the Sun-Earth Lagrangian L2 point on July 13, 2019, and on December 12, 2019, an
all-sky survey began, which was planned to continue for four years, until December 2023. So
far, the eROSITA telescope has completed 4.4 full sky surveys and currently is in safe mode.
The SRG observatory continues science observations in the interests of the Mikhail Pavlinsky
ART-XC telescope — the second science instrument aboard the SRG observatory.

In the course of the full four-year all-sky survey, the eROSITA telescope (Predehl et al., 2021)
aboard SRG is expected to detect, in the 0.5 — 2 keV energy range, ~ 3 million AGNs with a
median redshift of z ~ 1 (Kolodzig et al., 2013b) and ~ 10° clusters of galaxies with a median
redshift of z ~ 0.4 (Merloni et al., 2012; Pillepich et al., 2012). Cosmological measurements and
the nature of dark energy are the main scientific drivers of the mission (Sunyaev et al., 2021). To
this end, a significant role will be played by the measurements of the mass function of clusters
of galaxies based on their X-ray properties. Cosmological studies can be also conducted using
the 3D distribution of quasars and clusters of galaxies. The enormous size of the X-ray-selected
AGN sample makes their study especially meaningful in this context; as shown earlier, BAOs will
be clearly detectable in the eROSITA AGN sample (Hiitsi et al., 2014; Kolodzig et al., 2013a).
Prospects of cosmological studies with clusters of galaxies have been previously investigated by
Pillepich et al. (2012); however, the potential role of AGNs remained unexplored.

The purpose of the present chapter is to fill this gap and to forecast the accuracy of cosmological
measurements based on AGN samples detected in the SRG/eROSITA all-sky survey. To facilitate
the comparison with AGNs and previous works and to investigate the power of combined AGN-
cluster estimates, we also present results of similar calculations for clusters of galaxies. In our
calculations, we used the characteristics of EROSITA performance measured in-flight during the
first two years of the survey, and realistic, already achieved parameters of the photometric redshift
estimates of AGNs and clusters of galaxies.

The chapter is structured as follows. We assess the usefulness of AGNs and clusters for
large-scale structure studies in the presence of photometric redshift errors in Section 2.2. In
Section 2.3, we describe the calculations of redshift distributions and linear bias factors of both
tracers, as well as the model for photo-z scatter in distance measurements. We explain formalism
for computing the two-point correlation function and Fisher matrix forecasts in Sect. 2.4. Sect.
2.5 presents our forecast for BAO detectability and cosmological precision. We discuss our
findings and place the results in the context of current cosmological probes in Sect. 2.6. We
conclude in Section 2.7. In Appendix A, we justify the usage of the Fisher matrix method by
comparing its predictions with the posterior distribution calculated with the Markov chain Monte
Carlo algorithm. In appendix B we describe a set of simulations of the small-scale clustering
measurements of AGN in a narrow X-ray survey.

We use decimal logarithms throughout the chapter and assume fiducial cosmological param-
eters, Hy = 70 km s™! Mpc™!, Q,, = 0.3, @, = 0.05, 03 = 0.8, and n, = 0.96 for flat ACDM
cosmology. Mass is in units of M5qo.. Cosmological calculations of distances, halo model, biases,
and so on are done in the Core Cosmology Library (CCL8, Chisari et al., 2019). Unless stated

8https://ccl.readthedocs.io/en/latest/
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otherwise, angular power spectra are calculated with the Code for Anisotropies in the Microwave
Background (CAMB?, Lewis, Challinor, 2011).

2.2 Initial feasibility study

The 3D distribution of matter is usually analysed with two-point statistics. A common choice
is the power spectrum, which shows the amplitude of density fluctuation on a given co-moving
scale, and its errors are directly related to the ability of the survey to sample the LSS. Hiitsi
et al. (2014) showed that the density of AGNs in the eROSITA survey would provide sufficient
signal-to-noise ratio at the median redshift of z = 1.

The capability of a survey to probe the LSS depends on the volume of the Universe observed
given the power spectrum of tracer objects and their redshift distribution. This is quantified by
the effective volume of a survey, V¢ (Eisenstein et al., 2005):

P N@Pelkr) V()
Ve“(k)‘Q/ (N<z>Pu<k,z>+1 i 9

Zmin

where Q is a solid angle of a survey, N (z) is the spatial number density, Py (k) is the tracer power

spectrum, and dxg_(zz) is the differential co-moving volume. Differential volume is calculated with

the formula d‘(/i—(zz) = cr(z)?/H(z) [Mpc? sr™!], where r is the co-moving radial distance, H(z) is a
Hubble parameter, and c is the speed of light. The details of the calculation of redshift distribution

and power spectrum are in the next section. The error on the power spectrum is proportional
1

to the Ve_ﬁ? assuming Gaussian statistics and independent bins in k space. The effective volume
for the spectroscopic eROSITA sample of AGNs was calculated in Kolodzig et al. (2013a) and
shown to be larger than those of some of the optical surveys. In the present chapter, we go one
step further and include clusters of galaxies and the effects of photometric redshift errors.

We utilised the model of Hiitsi (2010) to take into account the power suppression on small
scales due to the photo-z errors. The power spectrum of tracers is found as

P(k, D = B2 Pk, Doom X - ert(k),
20k

where b(z) is the linear bias factor, P(k, z)cpm is the power spectrum of dark matter, and spatial
suppression scale o= = %0’2 (c is the speed of light, H(z) is the Hubble constant at given z,
and o, = 0y(1 + ze) is the photometric redshift error). z.g is taken as 1 for AGNs and 0.4 for
clusters. oy is a free parameter that depends on the quality of the optical follow-up. We restrict
0.5 <z<25and0.1 < z < 0.8 for AGNs and clusters, respectively, assuming 65% of the sky

used in the analysis. Photo-z scatter, 0, is varied between 0 and 0.05.
We show the results in Fig. 2.1. The effective volume for an AGN sample drops from ~ 50 to

less than ~ 2 h™3Gpc? between k = 0.01 and k = 0.2 h Mpc~!. For clusters, the figures are ~ 4

Shttps://camb.readthedocs.io/en/latest/index.html


https://camb.readthedocs.io/en/latest/index.html

2.2 Initial feasibility study 31

foy = 0.65
102 2KY . ———
i Tracer
= AGN 0.5<z<2.5 1
== = Clusters 0.1<z<0.8 |
10
m -
(@)
Q ~~~~~~~
w ~~~~~~~~~~~
{YI) S~
c
A
> i
. photo-z oy
B ()
—— 0.005 NN
—— 0.01
0.1f — 0.03
' —— 0.05 R
1677 —

k[hMpc~1]

Figure 2.1: Effective volume as a function of co-moving scale probed by AGNs and clusters (solid
and dashed lines, respectively) in the eROSITA all-sky survey. The thicker the line, the better
the quality of photo z. The grey band illustrates the scales where the BAO feature is prominent,
and the vertical dashed line shows the position of the first peak.

and ~ 0.2 h™3Gpc?. It can be seen that on very large scales (small k) the AGN sample is more
efficient than clusters, even when the photo-z errors are large. In the area of moderate scales
(k = 0.05 - 0.2), the relative performance of both tracers depends significantly on the quality of
photo-z. For instance, even though AGNs are much more numerous (2 mil), with the oy = 0.05
they would be outperformed by a much smaller number of clusters (90k) with o¢ < 0.005.
Typically one may expect op = 0.03 for AGNs and 0.01 for clusters. In this configuration, the
effective volumes at BAO scales are comparable.

We, therefore, expect that both tracers suffer significantly from the loss of the photometric
redshift precision and that the AGN and cluster samples would provide roughly comparable
results and complement each other.
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2.3 Modelling details

In this section, we illustrate our calculations of redshift distributions and number counts (sect.
2.3.1), linear bias factors (sect. 2.3.2), and the model for photometric redshift (Sect. 2.3.3).

2.3.1 X-ray luminosity functions

To the power spectrum shape, we need to know the space number densities of AGNs and clusters.
With the knowledge of the X-ray luminosity function (XLF) of AGN ¢(log L, z) and the flux limit
of the survey, we calculated the distribution of AGNs with redshift. We used the XLF measured
in Hasinger et al. (2005) with an exponential cutoff for z > 2.7 (Brusa et al., 2009); for details of
calculations, see Kolodzig et al. (2013b).

The shape of the AGN XLF is the following:

L Y1 L V2
ot =ro () (7

-1

Xe(L,z),

where factor

(.2 (1+2)P',z < z.(L) oD
e(L,z) = P2 )
(2L ()2 > 2L,
and cutoff redshift N
L
c T ) L < La
ze(L) = {*° () 2.2)
Zc,0s L>L,.

All parameters were taken from Hasinger et al. (2005), Table 5, LDDE model. The cutoff
over redshift 2.7 is done as in Kolodzig et al. (2013b), i.e. ¢(L,z) — ¢(L,2.7) x 10043272 for
z>2.17.

The redshift distribution n(z), per degz, is found as
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dv
n(z) = d(zZ) / ¢(logL,z)dlog L,
log Lmin(S’Z)
where % is the differential co-moving volume, § is the flux limit of the survey (we adopt

10714 erg s7! cm™2), and the smallest observed luminosity L, at given redshift z is found as
Luin = 47rSrf (rL is the luminosity distance). The k correction was done assuming a photon
index of I' = 1.9 and no absorption.We multiply the XLF by a factor of 1.3 to match the predicted
sky number density of AGNs at a flux limit of 1074 erg s™! cm™ with observations (i.e. ~ 90
AGN/deg?; see e.g. Georgakakis et al. (2008).

The resulting AGN distribution is shown in Fig. 2.2 (panel A). The distribution peaks at
z ~ 1 and yields ~ 2474000 AGN on 65.8% of the sky. This sky fraction corresponds to the
extragalactic sky |b| > 15 deg. During the calculations of the effective volume in the previous

section, the spatial number density of objects was found as N(z) = d"l,(/zgz.
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To calculate the distribution of clusters of galaxies, we invoke the halo model approach. We
start from the halo mass function n(M, z) of Tinker et al. (2008) and the fixed mass-luminosity
relation of X-ray clusters calibrated in Vikhlinin et al. (2009a, eq. 22)'°. We used k correction
assuming the thermal plasma model apec with temperature from Vikhlinin et al. (2009a, Table
3, free slope). The minimum mass for integration is taken as 5 x 10'3 h~! Mg 1 since the ML
relation is not well-known for lower masses. The redshift distribution is then found as

Mmax
dv
n(z) = () / n(M,z)dM,
dz
Mmin(S,Z)

where, as before, My (S, z) is the minimum observable mass at a given redshift, and M,y is
the maximum mass considered (10'6 42~! My). As the limiting flux, we assume 4.4 x 10~'4 erg
s~! em™2 (for extended source detection, see Pillepich et al. (2012, fig. 4).

Such a flux limit produces the redshift distribution shown in panel B in Fig. 2.2, with the
break at z ~ 0.3 due to the minimum mass cut. On 65.8% of the sky, one would detect ~93400
clusters, with ~ 900 of them at z > 1. Approximately 52200 would have masses of M > 10'#

h~!' M, and 3100 clusters with M > 3 x 10" =1 M.

2.3.2 Linear bias factors

Active galactic nuclei and clusters live in dark matter halos. Halos are biased tracers of the
underlying dark matter distribution, and they are more clustered.

The bias factors of X-ray-selected AGNs at different redshifts were measured with XMM-
Newton data (Allevato et al., 2011) and were found to be consistent with the biasing of dark matter
halos with the mass similar to that of the galaxy group, Mpyu ~ 10" A~! M. We, therefore,
used the model (fitting formulae) of Tinker et al. (2010) for the bias b.g(z) of dark matter halos
with a mass of 2 x 10'3 7=! M. The bias is shown in panel C of Fig. 2.2.

For X-ray clusters, we used the halo model with effective bias given by the average bias of
halos weighed with their number density:

Mmax

Miin (S,2) b(M’ Z)n(Ma Z)dM

n(z)

We show the effective bias of the cluster population in Fig. 2.2, panel C. At the peak redshift
of the sample, the bias factor is ~ 3. This is consistent with the bias measurements with the
two-point correlation functions of ~ 200 X-ray-selected galaxy clusters from the XMM-Newton
XXL survey (Marulli et al., 2018). We limited our calculations for clusters of galaxies by a
redshift of 0.8, as explained in Section 4. Correspondingly, we do need to construct a bias model
for clusters beyond this redshift value.

be(z) =

10We ignore the scatter in this relation for simplicity, but uncertainties in this relation have a profound effect on
the cosmological analysis, see Pillepich et al. (2012).
15 % 10" h=! Mo=7.14 x 10" M, in our fiducial cosmology
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2.3.3 Photometric redshift model

Photometric redshifts have poorer accuracy than redshifts based on spectroscopic data. However,
it is compensated by the possibility of estimating redshifts for a much larger number of objects.
A common approach to analysing photometric-redshift data sets is to bin objects in the redshift
space so that one ’integrates out’ the effects of photo-z errors. The width of the bins is chosen
to be a few times the photo-z scatter at a given z. The true underlying distribution of redshifts
(spec-z) would be smoothed in those bins by random errors (i.e. scatter Zspec — Zphot). We used
the model of Hiitsi et al. (2014) for Gaussian photometric redshift errors (see their Eq. 7) with
two parameters: oy, which controls the scatter, and ffal] - the catastrophic errors fraction. The
smoothed shape of the i-th redshift bin 1) (Z(l) <z< sz) is given by

(i) (i)
=2 | 2p, —2
rf (\/E(T(z)) erf (\50’(2))

1+erf(

8-

n(z) =n(2) | (1 - fan)

=)
V20 (2)

+ffa11 max
<p

where 0(z) = 00(1 + 2) is the scatter and z);** is the maximum redshift of the sample.

The diluted bins of the photometric redshift selection of AGNs or clusters for fiducial values
of parameters oy and fg,; are shown in Fig. 2.2 on panels A and B with coloured solid lines.
The coloured vertical strips correspond to the bin’s borders in photo-z space, and the solid line
of the respective colour shows the true underlying distribution in spec-z space. As the redshift
bin width, we use Az = o (z) at a given redshift if not stated otherwise. We illustrate the effect
of photometric redshift errors in Fig. 2.3, where we plot the dilution of a redshift bin for various
values of oy.

Multi-wavelength data and the availability of rich spectroscopic information for large samples
of objects allow efficient training of the models for source classification and photo-z evaluation.
The SRGz machine learning system for classification and photometric redshift estimation is
being developed by the Russian eROSITA consortium (Meshcheryakov et al., in prep; see also
Borisov et al. (2021); Belvedersky et al. (2022b)). SRGz is capable of determining photometric
redshift probability density distribution of individual X-ray-selected AGNs with an accuracy
better than oy ~ 0.05 and the outlier fraction better than ~ 10%. The accuracy of photo-z for
galaxy clusters is nearly an order of magnitude better. In our analysis, we assumed that the
photometric redshift error and fraction of catastrophic failures are known. These quantities and
their redshift dependence are usually provided by the photometric redshift estimation code, based
on the analysis of verification samples of objects whose redshifts are measured in spectroscopic
observations. Our approach is similar, for example, to that used in Sereno et al. (2015). In
the calculations below, we assumed the photo-z accuracy that is within the reach of the current
version of the SRGz system.
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Figure 2.2: Panels A and B: Redshift distributions of AGN and cluster tracers. The black dashed
line in each panel shows the total distribution of objects, while solid lines show the distributions
of objects in photo-z bins (the corresponding vertical stripes show the boundaries of the bins in
the photo-z space). The parameters for the photometric redshift scatter are shown in each panel.
Panel C: Effective linear bias factors of tracer populations as a function of z.
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Figure 2.3: Effect of photometric redshift errors on the redshift distribution of clusters of galaxies.
The black dashed line shows the true distribution of clusters of galaxies over redshift. Thick
solid lines show the observed distribution of clusters from the redshift bin 0.2 < z < 0.3 over
photometric redshift for various values of 0. The value of f,; is fixed at 0.05.

2.4 Angular power spectrum and Fisher matrices

In this section, we describe the computation of angular power spectra (sect. 2.4.1) and the
calculation of Fisher matrices (sect. 2.4.2).

2.4.1 Angular power spectrum

The angular power spectrum (APS) is a Fourier counterpart of the two-point angular correlation
function. The benefit of using angular correlations is that one does not assume fiducial cosmology
to analyse data.

The angular power spectrum of sources in i and j-th redshift bins is calculated as follows:

) , .
c/ = - / P(k,z = 0O)Wj(k)W (k)k*dk
where P(k,z = 0) is the matter 3d power spectrum at present time and Wé’;(k) is a projection
kernel of bin i. Secondly, we use

Wi(k) = / Jekr) £O (g (M ber (r)dr

where r is a comoving radial distance, j, is the spherical Bessel function of order ¢, £ is the
normalised redshift distribution of i-th bin, and g and b.g are linear growth and bias factors,
respectively.

Calculations of angular power spectra are done in CAMB and include the effects of redshift
space distortions. The matter power spectrum is calculated by CAMB in the linear regime, while
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bias factors and redshift distributions are found as described in Section 2.3. We applied the
Limber approximation (Simon, 2007) at £ > 110 for both tracers. We used logarithmic bins in ¢.
A minimum multipole number, ¢ = 10, is used in all calculations due to the effects of the sky mask
at lower multipoles. To not include non-linear effects in our analysis, we restricted £ < 500 (150)
for AGN (cluster) samples (Kolodzig et al., 2013a; Hiitsi et al., 2014). For the same reason, we
used 0.5 (0.1) as the minimum redshift of a cosmological sample of AGN (clusters), whilst the
maximum is 2.5 (0.8) due to the scarcity of objects at higher redshifts.

We used the following analytical formula for the Gaussian covariance matrix of angular power
spectra:

ij ~mny _ 1 imgjn ing~jm
Cove(CLC") = iy (cimci"+ cirel™),

with fiky being the fraction of the sky observed and C” including the shot noise (1/N, where N
is a surface density in the bin) if i = j. We treated partial sky coverage lightly with the factor
Jfsky» Whereas in reality the covariance between different modes would be introduced, especially
for sky masks of complex shapes. In the case of extragalactic sky |b| > 15° considered here, this
effect can be neglected in this calculation.

To accelerate computations, we ignored cross-correlation between the bins that are spaced far
apart (more than 30-(z)). We remind the reader that the width of the redshift bin Az is adjusted
so that Az = oy (1 + z) for given photo-z scatter parameter oy) unless stated otherwise.

2.4.2 Fisher matrix

We made use of the angular power spectra to derive errors in the determination of cosmological
parameters with the Fisher matrix formalism.

Fisher matrices approximate the posterior distribution of the parameters of interest with
multidimensional Gaussian distribution (Tegmark, 1997; Tegmark et al., 1997; Dodelson, 2003).
We used the following formula for a Fisher matrix, assuming a Gaussian distribution of data
points and constant covariance:

T

F,'j = aC{ COVE1 aCf,
’ 00; 00;
where F; ; is a Fisher matrix, i, j are the indices of cosmological parameters of interest, Cy is a
data vector, and Cov, is data covariance. Our model includes all five cosmological parameters
of flat ACDM: dark matter density fraction €., baryon density fraction €, reduced Hubble
constant A, the slope of the primordial power spectrum ng, and the amplitude parameter osg.
Derivatives and covariance matrices were calculated in fiducial cosmology. We transformed the
Fisher matrices so that instead of dark matter density €., we used matter density Qn = Q¢ + Qp,
and we added priors to the matrix if needed (Coe, 2009).

We found derivatives numerically using NumMDIFFTOOLS library!? with the jacobian of data
vector calculated with step 5 x 107 and two-point central finite difference.

2https://github.com/pbrod/numdifftools
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Figure 2.4: Example of angular power spectra of AGNs (left panels) and clusters (right panels).
In the top panels, the auto-spectrum of the first redshift bin is shown in blue (bin 0.9<z<0.99
for AGNs and 0.40<z<0.41 for clusters), and the cross-spectra of the first redshift bin with the
second bin (0.99<z<1.09 for AGNs and 0.41<z<0.43 for clusters) in red. Horizontal lines show
the level of Poisson noise for auto-spectra. In the bottom panels, the derivatives of those power
spectra (solid and dashed lines, respectively) are shown with respect to parameters in the plot’s
legend. Parameters of photometric redshift errors are oy = 0.05 and 0.01, fi; = 0.05 and 0.02
for AGNs and clusters, respectively.

We do not include uncertainties of the redshift distribution n(z), bias beg(z), or M-L relation
for clusters of galaxies in our simulations. We assumed that these quantities would be measured
from the eROSITA all-sky survey with sufficient accuracy. In particular, as it was demonstrated
in Kolodzig et al. (2013b); Comparat et al. (2019), the AGN XLF and bias b(z) will be accurately
measured from the all-sky survey data. The M-L relation for clusters of galaxies also plays an
important role in cosmological measurements with clusters (e.g. Pillepich et al. 2012). To this
end, eROSITA is planned to measure this relation with high precision in the dedicated pointed
phase after the all-sky survey ends.

After the Fisher matrix F; ; is calculated, its inverse can be used as the covariance matrix of
the parameters, from which one obtains marginalised errors (Tegmark et al., 1997; Coe, 2009). In
Appendix A, we compare the marginalised errors and credibility contours returned by the Fisher
analysis and by the Markov chain Monte Carlo (MCMC) algorithm of posterior sampling and
demonstrate that they produce consistent results.

InFig. 2.4, we show the angular power spectrum examples for AGNs and clusters. In addition,
we show logarithmic derivatives with respect to all cosmological parameters.
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2.5 Forecast results

In the following section, we describe the main results of the chapter: the significance of BAO
detection in AGN and cluster distributions (Sect. 2.5.1) and the forecast on the cosmological
constraining power of SRG/eROSITA samples of AGN and clusters of galaxies (Sect. 2.5.2).

To investigate the impact of photo-z errors, we used a grid of parameters, oy and fg:
oo = 0.005,0.01,0.015,0.02,0.03,0.05,0.07,0.1,0.2,0.3 and fq; = 0.01,0.02,0.05,0.1,0.2
for clusters, and we did the same for AGNs, except for the AGNs we did not do calculations for:
oo = 0.005 and 0.01. Redshift bin sizes are Az = op(1 + z) except for the case of oy = 0.005,
where we used redshift bins Az = 1.3 X 0(1 + z) to reduce the size of the matrices involved.
We assumed the sky survey of fiy = 0.658 down to fluxes of 107" erg s™'em™2(4.4 x 10714
erg s~' cm™2) and used objects in the redshift range of 0.5 < z < 2.5 (0.1 < z < 0.8) for AGNs
(clusters). The total cosmological sample size would be ~ 1.97 million AGNs and ~ 88000
clusters.

2.5.1 Baryon acoustic oscillations

We start from the question of whether BAOs would be detectable in the distribution of AGNs and
clusters depending on the quality of photo-z. A similar task was done in Hiitsi et al. (2014) for
the AGN population.

For BAO detection, we used the following technique: given the smooth model for the 3D
matter power spectrum (template without BAO wiggles, NW superscript) we find the y? difference
between data vectors C, for a model with and without BAOs (i.e. confidence in units of o):

S/N = \J(Cc - CY¥)TCov; ! (€, - CY),

As for the calculations of BAO significance, we used angular power spectra calculated by the
CCL library (in contrast to the CAMB calculations done in the remainder of the chapter) and
compared the APS obtained with the matter power spectrum of Eisenstein and Hu, with and
without wiggles (Eisenstein, Hu, 1998) in Limber approximation.

The results of the exercise are presented in Fig. 2.5. We show contours of the significance of
BAO detection as a function of both oy and f,;, along with cross-sections of such a surface with
planes of constant oy or f,.

One can immediately see that in our regime for both tracers the photo-z scatter parameter
has a greater impact on the performance (BAO detectability) than the catastrophic error fraction.
Namely, the decrease of o from 0.1 to 0.03 leads to the increase in the significance of BAO
detection from ~ 30 to ~ 60 (assuming fpj = 0.01 for the AGN sample). Our results are in
line with the work of (Hiitsi et al., 2014); see their Fig. 7), notwithstanding the difference in
implementation. For the AGN sample, the BAO significance achieves ~ 7 — 8o if oy = 0.015
(1.5%), but for a more realistic o = 0.03 (3%) the figure is ~ 5 — 60 with little dependence on
Jrail- For clusters with o = 0.005 (0.5%, which is quite a reasonable accuracy level of photo-z
for clusters), the significance is ~ 4 — 5c.
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Overall, we conclude that the detection of BAOs with photometric-quality z is plausible
for both AGNs and clusters. The comparable statistical significance of BAO detection in both
samples is also consistent with our expectation from the preliminary analysis based on effective
volumes (Sect. 2.2).

2.5.2 Cosmological parameters

For each configuration of the photo-z quality, we calculated the Fisher matrix F of the cosmo-
logical parameters and the information content number called the figure of merit (FoM):

FoM = log L.
ydet(F-1)
Hence, for every pair oy, ff.i1, one obtains a Fisher matrix and the FoM.

Before we proceed with the effects of photo-z quality on the forecast, we show one example
for the case o = 0.03,0.005 and fr,; = 0.1,0.01 for AGNs and clusters, respectively (see Fig.
2.6). We added a relatively weak Gaussian prior (0.1) to parameter 4 for this illustration. The
value in parentheses is the standard deviation of the prior distribution and is indicated for other
priors in the rest of the chapter.

We show expected error ellipses from the analysis of both samples separately and combined
(i.e. adding two Fisher matrices). The figure also shows the table with the expected marginalised
error percentages. Both AGNs and cluster samples give comparable errors on all the cosmological
parameters. More importantly, the combination of AGN with clusters increases the FoM of the
former by 0.6. This is due to the partial alleviation of the parameter degeneracy.

The parameter o is well constrained because the error on the amplitude of the signal directly
yields the constraints on the amplitude of fluctuations og. Parameters €. and ng have a level of
accuracy better than ~ 5% because they control the overall shape of the matter power spectrum
and the prior added to &, which lifted the degeneracy with ng and Q.. Q, is not well constrained
since the significance of baryonic effects on the angular power spectrum is limited.

We made such a forecast for each combination of photo-z precision parameters and condensed
the result in Fig. 2.7 using FoM as the proxy for the quality of the forecast. We assumed no priors
for this calculation.

As with BAOs, photo-z scatter oy affects the analysis quality dramatically, while f;,; has a
less profound influence on the result. For instance, a decrease of o from 0.1 to 0.03 increases
the FoM from ~ 8.5 to ~ 10 for AGNs with fg; = 0.01. For clusters FoM ~ 6.5 with o = 0.05
and FoM ~ 9 if 0y = 0.005. We conclude that the quality of cosmological analysis pivots on the
0 parameter.

Table 2.1 shows the quality of the forecast for several cases of photometric redshift parameters.
For a ’conservative’ case, we chose the following parameters: o = 0.01, 0.05 and fp,; = 0.02,0.1
for clusters and AGNs, respectively. For an ’optimistic’ case, we choose o = 0.005,0.03 and
Jrail = 0.01,0.1. We show options without prior information, with a wide prior on the reduced
Hubble constant 4 (0.1) and, in particular, the prior knowledge of parameters / (0.0054) and ng
(0.0042) derived from the Planck CMB experiment data (CMB+lensing, see table 1 in Planck
Collaboration et al. (2020), last column). This demonstrates that the combination of the LSS
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Figure 2.5: Significance of BAO detection (S/N) in the sample of AGNs (top sub-figure) and
clusters (bottom). In the left panel, the contours of significance are shown as a function of photo-z

accuracy for parameters o and fgj. In the right panels, the cross-sections with constant f,j
(top) and oy (bottom) are shown.
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Qn Qp h ng og FoM

Photo-z (0, ffai1) Priors Tracer
Clusters 159% 81.4% 72.4%  36.0% 1.4% 8.43
no prior AGN 10.3% 459%  40.4% 18.6% 1.2% | 9.25

combination 7.0% 38.0% 33.8% 155%  0.8% 9.77
Clusters 11.7%  222% 14.0% 11.5% 1.1% 9.14
Clusters(0.01,0.02); AGN(0.05,0.1) h prior (0.1) AGN 9.8% 20.4%  13.5% 8.6% 1.0% 9.72
combination 6.3% 14.5% 9.7% 6.3% 0.7% | 10.31
Clusters 5.4% 15.8% 0.8% 0.4% 09% | 11.73
h, ng Planck prior AGN 5.1% 14.2% 0.8% 0.4% 0.6% | 12.13
combination 3.6% 10.0% 0.5% 0.3% 0.5% | 12.74
Clusters 13.1% 61.5% 54.8% 28.3% 1.0% 9.05
no prior AGN 8.1% 353%  30.6% 14.5%  1.0% 9.82
combination 5.3% 27.6%  24.5% 11.3% 0.6% | 10.38
Clusters 8.9% 19.1%  13.8% 9.9% 0.8% 9.65
Clusters(0.005,0.01); AGN(0.03,0.1) h prior (0.1) AGN 7.5% 17.7%  12.9% 7.5% 0.8% | 10.19
combination | 4.8% 12.5% 9.3% 5.4% 0.5% | 10.80
Clusters 3.9% 11.3% 0.8% 0.4% 0.6% | 12.11
h, ng Planck prior AGN 3.9% 10.5% 0.8% 0.4% 0.5% | 12.47
combination 2.6% 7.3% 0.5% 0.3% 0.4% | 13.10

Table 2.1: SRG/eROSITA forecasts. Fisher marginalised errors for cosmological parameters
(in % of the fiducial value) and FoM values for two cases of photometric redshift quality and
different priors added to the Fisher information. Results are shown for AGNs and clusters of
galaxies separately and combined (see text for details).

probed by eROSITA and the independent data from other experiments may significantly enhance
the resulting constraints.

2.6 Discussion

2.6.1 Comparison with dedicated cosmological surveys

BAO

In Sect. 2.5.1, we predict that assuming realistic accuracy of photo-z determination — oy = 0.03
and 0.005 for AGNs and clusters, respectively, significant baryonic oscillations would be detected
in the SRG/eROSITA all-sky survey in the distribution AGNs (redshift range of 0.5 < z < 2.5,
about 2 million sources) and clusters of galaxies (redshift range 0.1 < z < 0.8, about 90000
sources). Those figures are to be compared with the progress made so far in detecting the
baryonic features at other wavelengths and using other LSS tracers.

Baryon acoustic oscillation peaks in galaxy distribution were detected for the first time in
SDSS data (Eisenstein et al., 2005; Hiitsi, 2006) and have been routinely observed ever since
(Ross et al., 2015; Alam et al., 2021).

There are many detections of BAOs with spectroscopic quality information at different red-
shifts. SDSS galaxies observed in the Baryon Oscillation Spectroscopic Survey (BOSS3) provide
BAO detection in the redshift range of 0.2 < z < 0.75 from the sample of 1.2 million galaxies

Bhttps://www.sdss.org/surveys/boss/
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Figure 2.6: Expected error ellipses of cosmological parameters from the analysis of AGNs
and galaxy clusters in the complete eROSITA all-sky survey. Photometric redshift quality
oo = 0.03,0.005 and ff,;; = 0.1, 0.01 for AGNs and clusters, respectively. Prior 0.1 on 4 is added
to the Fisher matrix. The corner plot shows the results derived from the Fisher matrix of clusters
(blue), AGNs (orange), and combined (green) samples. The table shows the percentage errors on
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Figure 2.7: Quality of cosmological constraints (FoM) in the sample of AGNs (top sub-figure)
and clusters (bottom). In the left panel, the contours of quality are shown as a function of photo-z
parameters o and fgi. In the right panels, the cross-sections with constant fg; (top) and oy
(bottom) are shown.
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(Alametal., 2017). The extended BOSS programme (eBOSS™) pushed the redshift range further,
0.6 < z < 1.1, with ~ 400k luminous red galaxies and ~ 200k emission line galaxies (Gil-Marin
et al., 2020; Raichoor et al., 2021; Bautista et al., 2021; de Mattia et al., 2021). The SDSS
observed the BAOs in the distribution of quasar (0.8 < z < 2.2 with ~ 350k objects) and Ly—«
systems (210k quasars at z > 2.1), see Neveux et al. (2020); du Mas des Bourboux et al. (2020);
Hou et al. (2021).

Photometric data samples include the BAO detection in SDSS photometric catalogues (0.2 <
7z < 0.6, ~ 600k galaxies) (Padmanabhan et al., 2007; Crocce et al., 2011; Seo et al., 2012). Recent
results from the Dark Energy Survey provide evidence for baryonic wiggles in the distribution
of ~ 7 million galaxies with photo-z quality op = 0.03 in redshift range 0.6 < z < 1.1 (Abbott
et al., 2022b).

For clusters, BAO were tentatively (~ 20°) detected in SDSS photometric cluster catalogue
with some ~ 10000 objects at z < 0.3 (Estrada et al., 2009; Hiitsi, 2010) for the first time. The
significance of the detection has increased with the advent of better data, that is, ~ 3.7¢0 detection
with ~ 80k SDSS clusters at z < 0.5 with spectroscopic redshifts in the work of Hong et al.
(2016); see also Moresco et al. (2021).

Considering all of the above, it is clear that the SRG/eROSITA sample of AGNs and clusters
would provide sufficiently precise measurements of BAO (and the corresponding sound horizon
scales) to expand and complement current experiments, and to provide a cross-check of clustering
measurements. It may not be as efficient as SDSS or DES galaxies at a low-redshift regime
(z < 0.6 —0.7), but due to the satisfactory density of high-redshift objects, it may compete
with BAO findings in eBOSS emission line galaxies and quasar distribution (see also Fig. 9 in
Kolodzig et al. 2013a).

For clusters of galaxies, the SRG/eROSITA sample of X-ray-selected clusters would provide
clear detection of BAO even with photometric quality redshifts with significance comparable to
or exceeding the current statistical power of spectroscopic sample of clusters from SDSS.

Cosmological parameters

In Section 2.5.2, we forecast the precision of determination of cosmological parameters from the
angular clustering of AGNs and clusters in the all-sky eROSITA survey. We show that under
realistic assumptions about the accuracy of the photo-z, one can achieve ~ 1 —20% marginalised
errors on the cosmological parameters. The errors can be further reduced by a factor of ~ 2 — 3
if using prior information from other experiments.

In Table 2.2 we compare SRG/eROSITA forecasts with other cosmological probes. In
addition to the cosmological parameters discussed earlier, to ease comparison with other LSS
surveys, we calculate uncertainty on the parameter of clustering amplitude Sg = 0g(,,/0.3)%.
For comparison, in the two top lines of the table, we repeat the eEROSITA combined AGN and
clusters of galaxies forecast from the second half of Table 2.1. We show both forecasts made with
and without the Planck priors £ (0.0054) and ng (0.0042) (Planck Collaboration et al., 2020). The
accuracy of cosmological parameter determination from the Planck data is shown in the third line

Yhttps://www.sdss.org/surveys/eboss/
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of the table. Notably, the combined eROSITA sample in combination with Planck priors leads
to improvement in the precision of determination for %, ng, and og compared to Planck-only data.

Some of the LSS experiments use different LSS tracers (Alam et al., 2021). For example,
Loureiro et al. (2019) used spectroscopic SDSS BOSS data of ~ 1.3 million galaxies (0.15 <
z < 0.8). The results (their Table 4) are listed in the fourth line in Table 2.2. X-ray samples,
used without Planck priors, would have tighter errors on the parameter Q,, and S§, approximately
similar uncertainty on €, and larger error margins for /4 and n.

The ongoing Dark Energy Survey (DES) measures the shapes and positions of millions of
galaxies. DES uses cosmic shear and clustering of galaxies as the effective cosmological probe
of the matter fluctuation amplitude and density. We show their results (Y3, Table II in Abbott
et al. 2022a) for flat ACDM from the DES data alone and with a combination of BAO and RSD
measurements, supernovae, and CMB data. We see that SRG data alone provide better constraints
on the matter density and perform worse for og (we note in our forecast we that did not fix the
other three parameters of the model). If compared with the combination of the DES and other
probes, it is seen that the combination of eROSITA data and Planck prior for two parameters
would perform comparably, having similar errors on A, and ng, larger errors on Qp,, Qp, and
Sg, and a slightly smaller error on og. We also show the forecast results (Euclid Collaboration
et al., 2020) for the Euclid probe for the case of photometric galaxy clustering and weak lensing
(their Table 9, optimistic settings for GC,p+WL). As expected, Euclid will outperform eROSITA
constraints without priors.

The above comparison demonstrates that samples of AGNs and clusters of galaxies from the
SRG/eROSITA all-sky survey combined with the currently available photo-z estimates provide
a sufficiently powerful cosmological LSS probe. They compete in statistical power with those
derived from the dedicated cosmological large-scale structure surveys in the optical band. The
statistical power of the eROSITA X-ray-selected samples will increase further if and when the
accuracy of redshift determination achieves spectroscopic quality. This appears to be feasible, in
principle, for clusters of galaxies that require the acquisition of ~ 10° optical spectra. For AGNs,
where ~ 10° new optical spectra need to be obtained, this may be a more difficult task for the
more distant future.

The calculations for cluster mass function were performed in Pillepich et al. (2012). We used
the results for the fixed M-L relation for clusters of galaxies. They took the accuracy of photo-z
into account by setting the redshift bin width at 0.05(1 + z) and the assumed sky coverage of
fsky = 0.658, and they also used the Fisher matrix formalism. Comparing the last row of Table 2.2
with the first two rows and with Table 2.1, one can conclude that the cluster mass function is an
equally important cosmological tool. When both are used without any priors, the mass-function-
based measurement would be ~ 5 times more accurate in measuring €2, than the LSS-based
one (which is to be expected). However, all other cosmological parameters are determined more
accurately, by a factor of ~ 1.5 — 3.5 in the LSS-based measurement (Clusters+ AGN). Expressed
in terms of the FoM, the cluster-mass function is expected to achieve FoM~ 10.1, which should
be compared with FoM~ 9.8 — 10.4 for an LSS-based measurement (Table 2.1). The power of
the cluster-mass-function method increases significantly when combined with the Planck priors.

Finally, it should be noted that the cluster-mass function is prone to systematic errors in mass
determination, whereas the LSS-based measurement does not include systematic uncertainties
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Experiment | AQn AQy Ah Ang Aoy ASg
SRG/eRosita! +0.016 +0.014 +0.172 +0.108 +0.005 +0.019
o
SRG/eRosita +0.008  +0.004 +0.004 +0.003  +0.003 +0.012
h, ng Planck prior
Planck (CMB+lensing)2 +0.0074 +0.0007 +0.0054 +0.0042 +0.0061 +0.013
3 0.034 0.010 0.088 0.064 0.072
SDSS BOSS to.o33 t0,009 -'—-0.069 t0.045 B -'—-0.064
4 0.032 0.039 0.017
DES 3x2pt 0031 - - - 0040 0017
DES 3x2pt +0.004 +0.0005 +0.004 +0.004 +0.008 +0.008
+BAO+RSD+SNIa+CMB#* || ~0.005 ~0.0004 ~0.003 ~0.003 ~0.005 ~0.008
SRG/eRosita +0.0031 +0.0492 +0.364 +0.143 +0.003 -
cluster mass function®
Euclid® +0.0038 +0.046 +0.020 +0.0037 +0.0017 -

Table 2.2: Comparison of SRG/eROSITA forecasts with other cosmological probes. Fore-
cast Fisher marginalised errors for cosmological parameters in the flat ACDM model.
SRG/eROSITA results are for the combined data of AGNs and clusters of galaxies, with and

without Planck priors.

References: !: this work; 2: Planck Collaboration et al. (2020); 3: Loureiro et al. (2019); *:
Abbott et al. (2022a); 7: Pillepich et al. (2012); 6. Euclid Collaboration et al. (2020)
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of comparable amplitude (at least for AGNs) and therefore should be more robust. As discussed
in Pillepich et al. (2012), the FoM of cosmological analysis degrades dramatically when the
uncertainty in the M-L relation is included.

2.6.2 Dependence on the parameters of the all-sky survey.

The SRG satellite performs a full scan of the sky in six months (Sunyaev et al., 2021), and it
is planned to conduct eight all-sky surveys in the course of the mission. After the 4.4 already
completed surveys, eROSITA achieved the record all-sky sensitivity of ~ 15 times better than that
reached in the previous all-sky survey performed by the ROSAT satellite in 1990 (Truemper, 1982;
Voges et al., 1999). It is therefore interesting to assess the quality of cosmological measurements
that can be achieved before the completion of the full survey.

To this end, we reran our calculations, changing the limiting flux of the survey to the values
corresponding to two years of the survey (named eRASS4) and to three years (eRASS6). For
point sources, these values are 1.45 x 10714 (eRASS4) and 1.25 x 10~1* (eRASS6) erg s~ cm™2,
see (Kolodzig et al., 2013b). Changing the limiting flux affects the redshift distribution of tracer
objects and, more importantly, their number density within redshifts of interest. For eERASS4,6,8
the number of sources is 1051773, 1346620, and 1914915, respectively (0.5 < z < 2.5). In
Table 2.3, the forecast (with a wide prior in /4 and photo-z parameters oy = 0.03 and fg,;; = 0.1)
is shown for these limiting fluxes. FoM values between eRASS4 and eRASSS differ by 0.8, and
the errors on the cosmological parameters increase by a factor of ~ 1.5 — 2.

We also investigated the impact of the survey area on the forecast. We started by considering
the case when only data from half of the extragalactic sky is used in calculations. We neglected
the effects of the mode coupling in angular power spectra of half-sky masked data and simply
changed the sky area surveyed by a factor of two. In addition, we present a forecast for the survey
with the area of 9000 deg?, which approximately corresponds to the footprint of the SDSS survey
where the model of photo z would be better calibrated (at least for the AGN sample).

The scaling of Fisher matrices with fy is trivial, F; ; o fiy, hence the marginalised errors
scale as the inverse square root of the sky area. We illustrate in Table 2.3 the results for the fiducial
eRASS8 AGN setup and show errors on cosmological parameters obtained for different sky areas

used in the analysis. It can be seen that for the one half of the extragalactic sky fuy = @

the results differ from the all-extragalactic case by a factor of V2, and the FoM differs by 0.75,
whereas for the 9k deg? case the errors are larger by approximately a factor of two, and the FoM
value is smaller by 1.2.

2.6.3 Predictions for small-scale clustering of AGN

This section was not included in the original paper.

The analysis of the whole AGN or Cluster samples would be an arduous task due to the
difficulties in obtaining source identification, classification and photometric redshifts estimation
uniformly for millions of objects (see sect. 2.3.3). Smaller eROSITA data samples may be
useful for the first attempts to perform LSS studies and XLF analysis. During its performance
verification (PV) phase, eROSITA surveyed a few extragalactic fields with depth and solid angles
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Qm Qb h ng g3 FoM
eRASS4 11.4% 22.4% 13.7% 9.7% 1.1% 9.39
eRASS6 9.6% 20.1% 13.5% 8.6% 1.0% 9.72
eRASSS 7.5% 17.7% 12.9% 7.5% 0.8% 10.19

eRASSS, half extragal. | 10.7% 25.1% 18.3% 10.7% 1.1% 9.44
eRASSS, 9000 deg? 13.1% 30.7% 22.4% 13.1% 1.4% 9.00

Table 2.3: SRG/eROSITA forecasts for different survey parameters. Forecast Fisher marginalised
errors (in % of fiducial value) on AGN clustering depending on the survey parameters (survey
depth and solid angle). eRASS4, 6 and 8 correspond to two, three, and four years of the all-sky
survey. Photo-z accuracy parameters are oy = 0.03 and fg; = 0.1 (see Section 2.6.2 for further
details.)

comparable to those of XMM-Newton or Chandra. Namely, the eROSITA final depth equatorial
survey (eFEDS, Brunner et al. 2022a) and the survey of the Lockman Hole (LH) region (Gilfanov
et al. 2023, submitted.). The former has the area ~ 140 deg2 and sensitivity (in 0.5 -2 keV) down
to fluxes ~ 7 x 1071 erg s™' em™2, whilst for the latter the figures are ~ 20 deg® and ~ 2 x 1071
erg s cm~2. There are ~ 22 thousand AGN in eFEDS (Liu et al., 2021) and ~ 8500 AGN
in Lockman Hole (in prep.). The clustering of AGN has been studied in similar surveys with
relatively small footprints and high source densities, e.g. XMM-XXL survey (Elyiv et al., 2012;
Plionis et al., 2018). We therefore envision that a tangible clustering signal should be detected in
the distribution of AGN in eFEDS and LH fields. To substantiate we perform a set of HEALPIX
simulations of extragalactic fields (described in appendix B) with coverage and survey depth
similar to eFEDS and LH surveys. We modelled the precision of determination of the angular
correlation function of AGN in two redshift bins: 0.1 < z < 3.0 (almost no z-information) and
1.0 < z < 1.5 (wide photometric bin).

The result of the simulation for both fields and redshift ranges are shown in Fig. 2.8. In
the angular scales between 0.03 deg and ~ 1 deg the achieved signal-to-noise ratio (in both
bins) of ~ 5 — 60 in LH and ~ 70 in eFEDS. The actual figures would depend on the survey
geometry and telescope sensitivity variations across the field. With our simplistic modelling,
we can conclude that the clustering of AGN in eFEDS and LH surveys should be detectable
with photometric-quality information about distances to the AGN sources. Complemented with
the higher quality photo-z and/or a sensible number of spectroscopic redshift measurements one
may study the dependence of clustering signal on the redshift range or object type. The further
discussion of the forecast of small-scale clustering measurements and its implications is beyond
the scope of this chapter.
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Figure 2.8: The results of the simulations of the measurements of the angular correlation function
(ACF) w(6) in a survey similar to the eROSITA the survey of Lockman hole (LH, top panel)
and eROSITA final depth equatorial survey (eFEDS, bottom panel). On both graphs, the shaded
line on the top represents the value and standard error of the ACF measured in wide redshift
bin 1.0 < z < 1.5, and the bottom line represents ACF of very wide bin 0.1 < z < 3.0. The
signal-to-noise ratio of above 5 for all displayed ACF. In the legend, we also specify the number
of simulated sources used in the analysis of angular correlations.
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2.7 Conclusion

We investigated the potential of X-ray-selected samples of AGNs and clusters of galaxies (to be)
detected in the SRG/eROSITA all-sky survey to serve as a cosmological probe. We focused on
the ability to detect BAOs and to constrain cosmological parameters under the assumption of the
availability of photometric redshifts of realistically achievable quality. Our main results are given
in Sect. 2.5.1 and 2.5.2.

Using the model of Hiitsi et al. (2014) of photometric redshift scatter, we show that for both
BAOs and the cosmological forecast, the redshift scatter parameter oy has more influence on the
quality of cosmological constraints than the fraction of catastrophic errors fp; (Fig.2.5, 2.7)

We demonstrate that under reasonable assumptions regarding the quality of photo z (ojg = 0.03
and 0.005 for AGNs and clusters of galaxies, respectively), it is possible to detect BAOs with a
significance level of ~ 5 — 60 and ~ 4 — 50 in the distribution of AGNs and clusters, respectively.
This is comparable with the BAO detections in large-scale structure surveys for galaxies and
clusters (Sect. 2.6.1).

A Fisher matrix analysis of angular power spectra under the same assumptions yields the
following: (i) a joint analysis of AGNs and cluster data alleviates some of the degeneracies
and reduces errors on the cosmological parameters by a factor of ~ 1.5 (Fig. 2.6); (ii) solely
X-ray data constrain cosmological parameters with the accuracy in the ~ 5 — 25% range without
priors and in the ~ 0.5 — 10% range with Planck priors (Table 2.1); (iii) X-ray-selected samples
of SRG/eROSITA AGNSs, and clusters of galaxies used alone or in combination with other
data provide a powerful cosmological probe that represents stiff competition for the dedicated
cosmological surveys such as SDSS or DES (sect. 2.6.1 and Table 2.2).

Comparing with the results of Pillepich et al. (2012), we conclude that cosmological mea-
surements based on the mass function of clusters of galaxies are expected to provide an ~ 5 times
more accurate measurement of Q, than the LSS-based one. However, all other cosmological
parameters are determined by a factor of ~ 1.5 — 3.5 more accurately in the clustering-based
measurement of AGNs and clusters of galaxies. Both methods give comparable values of the
FoM (Table 2.1, 2.2).

We investigated the dependence of our forecasts on the survey parameters — its area and depth
(sect. 2.6.2, Table 2.3). We demonstrate that even with incomplete sky coverage or limited
exposure SRG/eROSITA all-sky survey data still produce competitive results.

Our simulations of small-scale clustering measurements of AGN show that it is possible to
detect clustering of the AGN distribution in small-area surveys like eFEDS and Lockman Hole.

In the next chapter, we will explore one of the problems related to the analysis of the AGNs
(and other objects) population — given an X-ray source, how do we decide which optical object
is emitting X-ray that we see? This task is essential because the identification of an X-ray source
in the optical band is the only way to establish its redshift (via spectral analysis) or estimate
photometric redshift (via magnitudes and colour analysis).
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CHAPTER 3

Optical identification of X-ray sources in the SRG/eROSITA
Survey of Lockman Hole

The contents of this chapter are based on the manuscript originally published in Bykov
et al. (2022a). My contribution to that paper was the main idea for the project, data collection
(from Chandra, XMM, DESI LIS), the process of identification with machine-learned photometric
priors, and writing. Other authors contributed to the discussion and writing (M. Gilfanov, M.
Belvedersky).

Abstract

We present a method for the optical identification of sources detected in wide-field X-ray sky
surveys. We have constructed and trained a neural network model to characterise the photometric
attributes of the populations of optical counterparts of X-ray sources and optical field objects.
The photometric information processing result is used for the probabilistic cross-match of X-
ray sources with optical DESI Legacy Imaging Surveys sources. The efficiency of the method
is illustrated using the SRG/eROSITA Survey of Lockman Hole. To estimate the accuracy of
the method, we have produced a validation sample based on the Chandra and XMM-Newton
catalogues of X-ray sources. The cross-match precision in our method reaches 94% for the entire
X-ray catalogue and 97% for sources with a flux Fy s, > 107'% erg/s/cm®. We discuss the
further development of the optical identification model and the steps needed for its application to
the SRG/eROSITA all-sky survey data.

3.1 Introduction

The SRG orbital X-ray observatory SRG (Sunyaev et al., 2021) was launched in July 2019 and
began the all-sky survey in December 2019. There are two instruments onboard the observatory:
the X-ray telescope SRG/eROSITA (Predehl et al., 2021) sensitive in the 0.3-9.0 keV energy
band and the Mikhail Pavlinsky SRG/ART-XC telescope (Pavlinsky et al., 2021) operating in
the 6-30 keV energy band. It is expected that based on the results of its four-year sky survey,
SRG/eROSITA will discover of the order of three million active galactic nuclei, about one hundred
thousand clusters and groups of galaxies, and many X-ray bright stars and galaxies (Prokopenko,
Gilfanov, 2009; Merloni et al., 2012; Pillepich et al., 2012; Kolodzig et al., 2013b,a).

For a complete use of the X-ray sky survey results it is necessary to determine the properties
of objects not only in X-rays but also in other wavelengths. First of all, we are talking about
the determination of the object type and distance. The problem is solved by the identification of
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X-ray sources with known objects in the optical (predominantly) and other spectral ranges. This
problem is known as cross-match (Sutherland, Saunders, 1992; Budavari, Loredo, 2015; Pineau
et al., 2017). In this chapter, we consider the problem of searching for optical counterparts of X-
ray sources. We will call the X-ray sources “sources” and the candidates for optical counterparts
“objects.” A peculiarity of the problem is that the positional error of X-ray sources is larger than the
positional error of optical objects approximately by an order of magnitude. In addition, because
of the high density of optical objects, there may be several candidates for optical counterparts in
in X-ray source positional uncertainty region. In this case, it is often difficult to determine which
of the optical candidates is the true counterpart (or that there is no counterpart at all). Additional
data, for example, the magnitudes or colours of objects, need to be used to solve this problem.
This chapter is devoted to solving this problem using the SRG/eROSITA data as an example.

One of the earliest approaches to the inclusion of additional information was demonstrated
in Sutherland, Saunders (1992) using the likelihood ratio method (LR). The method takes into
account the positions of sources in the catalogues (including the errors), their angular number
density, and the magnitude distribution. Subsequently, this method was developed further in
Budaviéri, Szalay (2008); Naylor et al. (2013); Budavari, Loredo (2015); Pineau et al. (2017);
Salvato et al. (2018) with a generalisation to the cross-correlation of more than two catalogues and
the construction of a probabilistic (Bayesian) model to take into account the set of measurements
of any type.

The history of applying various methods of searching for counterparts to X-ray surveys
(predominantly the Chandra and XMM-Newton surveys) is extensive (Brusa et al., 2007; Luo
etal., 2010; Naylor et al., 2013; Marchesi et al., 2016; Ananna et al., 2017; Luo et al., 2017; Pineau
etal., 2017; Salvato et al., 2018; Chen et al., 2018; Belvedersky et al., 2022b; Salvato et al., 2022).
In the broad sense, different methods use similar approaches to the problem. In the first step, the
distributions of magnitudes (and, sometimes, also colours or other attributes) are calculated for
the optical counterparts and field objects, and in the second step, this information is combined
with the information about the relative positions of the sources from different catalogues and
their positional errors. The achieved cross-match accuracy depends on the specific method of
including the photometric information and the quality of the X-ray and optical catalogues, their
depth and positional uncertainties.

The aim of this chapter is to solve the problem of the optical cross-match of X-ray sources
for the parameters of the SRG/eROSITA all-sky survey (see also Belvedersky et al., 2022b). In
this chapter, we describe the cross-match method and its application to the deep Lockman Hole
survey data and estimate the accuracy of the proposed method using a validation sample. Our
main goal is to present and validate the method of cross-matching SRG/eROSITA X-ray sources.
The characteristics of the X-ray observations, the catalogue of sources, and the results of their
optical cross-match and classification are presented in the accompanying papers of the series of
publications devoted to the deep SRG/eROSITA Lockman Hole survey (Gilfanov et al. 2023, in
press; Belvedersky et al. 2022a).

The chapter is structured as follows. In Section 3.2 we describe the data used. In Section 3.3
we construct the cross-match model and produce the training and validation samples of objects.
In Section 3.4 we discuss the results and conclude.
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3.2 Data

3.2.1 X-ray data

The Lockman Hole is the area of low interstellar absorption (Lockman et al., 1986) on the sky
that was studied by eROSITA within the performance verification phase of SRG telescopes in
the fall of 2019. A relatively deep survey of this region was carried out in November 2019.
The survey footprint is 5° X 3.7° in size with an area 18.5 square degree (for the flux limit of
~ 5% 1071 erg/s/cm? ). The exposure depth was 8 ks per point; the sensitivity in the 0.3-2.3 keV
energy band is ~ 3 x 107> erg/s/cm?. The centre of the region has approximate coordinates
RA = 162°;Dec = 58°. Further details of the observations, the X-ray data, and the catalogue
of sources are given in Gilfanov et al. (2023).

The optical cross-match model was developed and tested on the catalogue of medium- and
high-brightness eEROSITA Lockman Hole X-ray sources (Gilfanov etal. 2023). Point sources with
a detection likelihood DL > 10 were included in this catalogue (DL > 10 roughly corresponds
to significance =~ 40,). The catalogue includes 6885 X-ray sources.

For the construction and validation of the optical identification model, we used data from the
Chandra and XMM-Newton X-ray observatories. We took the Chandra data from the Chandra
Source Catalogue 2.0, CSC (Evans et al., 2010), and the XMM-Newton data from the 4XMM
DR10 catalogue (Webb et al., 2020). These catalogues were filtered by detection quality flags
to minimise the number of spurious X-ray sources!. In the SRG/eROSITA Lockman Hole
survey footprint, we found 2029 and 1316 Chandra and XMM sources, respectively. The data of
these observatories cover about 20% of the footprint area. The positions of the SRG/eROSITA,
Chandra, and XMM-Newton sources in the Lockman Hole field are shown in Gilfanov et al.
(2023).

3.2.2 Optical data

We chose the photometric DESI Legacy Imaging Survey (DESI LIS, Dey et al., 2019) as a
catalogue of optical sources among which we will search for counterparts to SRG/eROSITA
sources. DESI LIS has sufficient sensitivity and large area?. The catalogue is produced from the
data of three telescopes: BASS (g, r), MzLS (z), and DECaLS (g, r, z). These three telescopes
have different limiting sensitivities in different filters. DECaLS provides data at Dec < 32°.
Hence, for the Lockman Hole (Dec ~ 58°) and our study of the photometric attributes we used
the BASS and MzLS data. In addition, the DESI LIS catalogue provides data on the infrared
fluxes in four WISE filters. All magnitudes were dereddened.

The DESI data were used in the entire Lockman Hole field (with a mean density of objects
~ 58000 sources per degree squared ) to identify the eROSITA sources. For training the

IFilters for CSC: conf_flag, extent_flag, sat_src_{flag, pileup_flag, dither_warning_flag are all false, likelihood >
10. 4XMM DRI10 filtering: sc_sum_flag=0or 1, also sc_var_flag, sc_extent and confused equal to false, sc_det_ml>
10.

2https://www.legacysurvey.org
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photometric model, we used all DESI objects around the CSC 2.0 sources in the sky with
Dec > 32° (see Subsection 3.3.1).

For all DESI objects, we calculated the signal-to-noise ratio (S/N) for the measurements in
all filters (g,r,z,wl,w2,w3,w4). If the measurement in some filters had S/N less than 3, then we
assumed that the measurement in this filter was absent.

3.3 Model

In this section, we describe the photometric model for the selection of candidates for optical
identification and its application to the eROSITA data. We describe the photometric model in
Subsection 3.3.1 or, more specifically, the training sample in Subsection 3.3.1 and the photometric
neural network classifier in Subsection 3.3.1. We discuss the validation sample in the Lockman
Hole field in Subsection 3.3.2 and the application of the Bayesian approach to the cross-match
problem and its results for the eROSITA sources in Subsection 3.3.3.

3.3.1 Photometric model

In this part, we study the photometric attributes of two populations:

1. the DESI LIS objects that are the true counterparts of X-ray sources (in our case, Chandra
sources)

2. the DESI LIS objects that are not the counterparts of X-ray sources, the so-called field
optical sources.

This division of the optical objects into two classes is motivated by the fact that the X-ray sources
are a fairly rare and peculiar type of objects so their optical counterparts have attributes different
from those of field objects.

For the selection of optical objects into the first class, we used unambiguous optical counter-
parts of X-ray sources from the Chandra catalogue (which has high positional accuracy). The
procedure for the selection of sources with unambiguous optical counterparts will be described
below.

Training sample

We used the CSC 2.0 data in the extragalactic sky (|»| > 20°) within the DESI LIS coverage
zone, excluding the Lockman Hole area. The produced sample of 157958 Chandra sources was
cross-correlated with the DESI catalogue with a search radius of 30 arcsec. Thus, we selected
~ 3 million DESI objects. For each Chandra source, we determined the local density of optical
objects pdesi based on their number in a 10-30 arcsec ring. To control the frequency of random
chance associations between CSC and DESI, for each X-ray source we calculated the chance
identification radius 7, from the formula

ln(l - ﬁim)

TTPOdesi

Tfalse = 4| —
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where fjiy, is the probability of finding one or more optical objects at a distance r < rge from
the X-ray source (Belvedersky et al., 2022b). The quantity rg)se Was calculated by assuming a
homogeneous distribution of optical objects with a density pqesi. As a threshold probability, we
chose fiim = 0.03. For each source from the Chandra catalogue, we also calculate the positional
uncertainty rog corresponding to the radius within which the true X-ray source position is located
with a 98% probability.

Our further selection of reliable optical counterparts was made as follows: if only one DESI
LIS object was found within gy from the X-ray source, with the separation between the two
being smaller than rgg, then this object was deemed a reliable optical counterpart of the Chandra
source. We also left only reliable Chandra sources (see Subsection 3.2.1). We found 71993 such
Chandra— DESI pairs.

For the selection of reliable field sources we found all DESI objects in a 10-30 arcsec ring
from the Chandra source. The number of field objects was 2 135 168.

In the next step, in the sample of reliable counterparts, we left only those objects for which the
0.5-2keV X-ray flux from the Chandra source was larger than 3x 1013 erg/s/cm?, corresponding
to the approximate eROSITA limiting flux in the Lockman Hole field. Note that this is a very
important step since the training and validation samples must be equivalent in their properties to
the X-ray catalogue for which the optical identification will be made. For example, if we included
all Chandra sources in the sample of reliable counterparts, then their photometric attributes would
be biased toward numerous faint sources inaccessible to SRG/eROSITA (Salvato et al., 2018).

Finally, we selected only reliable counterparts and field objects located at Dec > 32° (see
Subsection 3.2.2). From the field sources obtained in this way, we randomly selected only half,
since the total number of objects turned out to be large.

As a result of this selection procedure, the size of the sample of reliable counterparts was 12
452, while the size of the sample of reliable field objects was 244 008.

In Fig. 3.1 we show the distribution of the sources from these two samples in DESI LIS g
filter apparent magnitude. It can be seen that, on average, the counterparts of the X-ray sources
are brighter than the field sources. In the absence of additional information, this fact can be
used to determine more preferable optical counterparts to eROSITA sources (for a discussion,
see below).

The limiting S/N in the training sample (see Subsection 3.2.2) was changed from 3 to 4.

Photometric classifier

The problem of classification is to determine whether a source is more likely the counterpart of
an X-ray source or more likely a field source based on a set of photometric information. Such
problems are efficiently solved with machine learning algorithms.

As attributes for the model, we used the g, r, z, w1, and w2 magnitudes and the appropriate
colours. We did not use the magnitudes w3 and w4, since these measurements are lacking for 95
and 90% of the sources in the Lockman Hole, respectively. In addition, for some of the X-ray
sources, there are no measurements in the g, r, z, wl, and w2 filters (18, 12, 6, 35, and 60%,
respectively). For this reason, we introduced three models: the first model uses only the attributes
(magnitudes and colours) pertaining to the g, r, and z filters, the second model uses the g, 1, z,
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Figure 3.1: The distribution of apparent g magnitude for the DESI objects that fell into the
samples of counterparts (green histogram) and field sources (blue histogram with dashes). The
inset shows the region of bright objects on a logarithmic scale along the y-axis.

and w1 filters, and the third model uses g, r, z, w1, and w2.

As a classifier we used a neural network, with the corresponding attributes as input and a
number between 0 and 1 that we called nnmag as output; 1 and O were assigned to counterparts
and field objects, respectively. Below we will describe the model based on all attributes: g, r, z,
w1, and w2.

We constructed a neural network with tanh activation function in which there were 4 layers
of 8 neurons each. After each layer, we added a dropout layer with a probability of 0.1 to prevent
over-fitting. At the output of the neural network, we added a layer with one neuron with logistic
activation. As a loss function, we used binary cross-entropy. The number of sources of the
“counterpart” and “field” classes was 10 480 and 55 636, respectively; we used 30% of the data
as a test sample, 20% for cross-validation, and the remainder as a training sample. Kgras3
package was used to train the classifiers.

Figure 3.2 (upper panel) illustrates a histogram of the neural network output (nnmag) on the
test sample (the data that were not used for training) for both classes of objects. It can be seen
that the objects of class 1 (counterparts) have nnmag closer to 1, while the objects of class 0
(field sources) have nnmag closer to 0. This histogram can be compared with Fig. 3.1, where the
separation in g magnitude is not so obvious. The lower panel in Fig. 3.2 also shows two model
quality metrics for different nnmag thresholds: recall and precision. Ata given nnmag the sources
are designated as a counterpart (field) if their nnmag is larger (smaller) than the threshold#. As an

3https://keras.io
4The recall is calculated from the formula TP /(TP + FN), while the precision is calculated as TP/(TP + FP),
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Model \ Features Sample size! Network structure Overall quality®
nnmag_grzwlw? g,;,_zr,rzlé_\;Q 1: 10480 4 layers with 8 neurons 0.67
- S 0: 55636 Dropout rate: 0.1 '
z-wl, -wl, wl-w2
nnmag_grzwl g1z, wl 1: 10814 4 layers with 8 neurons 0.61
- g-1,1-7,2-7, Z-w1 0: 89670 Dropout rate: 0.1 )
nnmag_grz L8 W/ 1: 11092 2 layers with 13 neurons 0.38
- g-1,1-2,8-7 0: 141845 Dropout rate: 0.0 '

Table 3.1: Description of the photometric models. For each model, we show the used photometric
features, sample sizes, neural network structure and the overall quality of a model. 1: Class 1
and class O refer to the counterparts and field sources, respectively. 2: The recall at the point of
intersection of the recall and precision curves (see Subsection 3.3.1).

overall model quality metric we used the precision at the point of intersection of the two curves;
for the g,r,z,w1,w2 model this number is 0.67. Note that at the point of intersection of the two
curves the recall and the precision are equal.

Important parameters for all three models are described in Table 1: the attributes used as
input features, sample sizes, neural network structure, and the overall model quality. The drop
in the model precision with the loss of data from the infrared is worth noting— the grzw1w2,
grzwl, and grz models have an overall precision of 0.67, 0.61, and only 0.38, respectively.

3.3.2 Validation sample in the Lockman Hole

To estimate the optical identification quality, we need to have a sample of eROSITA sources
with known optical counterparts. For this we invoke the Chandra and XMM-Newton data in the
Lockman Hole. We used an approach similar to that in Belvedersky et al. (2022b).

The selection procedure is as follows:

1. We cross-correlated the complete Chandra (XMM) catalogues> with the eROSITA cat-
alogue with a search radius of 30 arcsec and wrote out the unique eROSITA—Chandra
(XMM) pairs, leaving only the reliable Chandra/XMM detections from them. 461 (646)
such pairs were obtained.

2. For each Chandra (XMM) source we found all DESI LIS objects within 15 arcsec and
chose those from them that (i) lay within 1.1 X rg9g from the X-ray source and are the only
optical object within this radius and (ii) lay within rg.. We found 310 (383) Chandra
(XMM)-DESI pair (for the definition of the quantities, see Subsection 3.3.1). As rpge wWe
chose a radius of 1.47" from the average DESI sky density in the Lockman Hole.

where TP (true positive) is the number of correctly assigned counterparts, FN (false negative) is the number of
counterparts assigned as field ones, and FP (false positive) is the number of field sources assigned as counterparts
SWithout a quality filter, see Subsection 3.2.1
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3. Thereafter, from the Chandra (XMM)-DESI pairs we excluded those in which the 0.5- 2
keV fluxes from the eROSITA and Chandra/XMM data differed by more than a factor of 5
(Belvedersky et al., 2022b)— 235 (374) sources remained.

4. The two catalogues (eROSITA—Chandra—DESI and eROSITA-XMM-DESI) were com-
bined, while the duplicates were removed. We obtained a catalogue consisting of 548
eROSITA—Chandra (XMM)-DESI triples. From it, we removed the cases where there was
one reliable XMM/Chandra source and two or more Chandra/XMM sources that did not
pass the detection quality filter. 529 eROSITA—Chandra (XMM)- DESI triples remained.

This allowed us to determine the correspondence between an eROSITA X-ray source and
a DESI optical object. This catalogue will be used below to estimate the optical identification
quality.

We also produced a catalogue of eROSITA sources that have no optical counterpart in the
DESI LIS catalogue—these are the so-called hostless sources. In the second step, we changed
the search criterion by requiring that there was no DESI optical object within 2 X rog and 2 X rgyse.
The remaining steps were not changed. The final number of hostless eROSITA sources in the
validation sample was 30.

3.3.3 NWAY and the Identification of X-ray Sources in the Lockman Hole

The information about astrometry and photometric properties was combined with the NWAY
code® (Salvato et al., 2018), which uses the Bayesian approach to calculate the probabilities of
different candidates to be a true counterpart. Two catalogues, eROSITA and DESI, are fed to
the input of this code. Initially, the match probability for each possible pair is calculated based
only on the astrometric positions, their errors, and the density of sources in both catalogues.
Subsequently, the probabilities are refined using additional information (hereafter, photometric
priors). In this case, the refinement is based on the ratio of the prior probability densities for
the counterparts and field sources. At the output with each eROSITA object, we associate the
number p,,y characterising the presence of an optical counterpart and with each candidate DESI
source we associate the number p; characterising its probability to be the counterpart. The closer
the number to 1, the more reliable the corresponding assertion.

As a photometric prior we used nnmag obtained by the neural network—photometric classifier
(Subsection 3.3.1, see also the example in Fig. 3.2). The photometric model (Table 1) was chosen,
depending on which attributes were available for a particular DESI LIS object. At the same time,
we made sure that there was no “leak” of information: for each optical object, we used only one
photometric prior to the model with the greatest precision available for this object (Table 1). If,
however, the photometric information about the object was not sufficient for any of the models
in Table 1 (for example, there was no measurement in the z filter), then as a prior we used any
available information (magnitudes and colours) calibrated based on the sample from Subsection
3.3.1, for example, as illustrated in Fig. 3.1.

¢https://github.com/JohannesBuchner/nway
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As 107 positional errors we used the corresponding calibrated positional error from the
eROSITA catalogue of X-ray sources (Gilfanov et al. 2023) and a fixed error of 0.1" for the DESI
LIS sources.

With NWAY we calculated the parameter p,,y for each eROSITA source and p; for each
optical object within 30 arcsec from the X-ray source. The candidate with the greatest p; was
designated as the most probable counterpart. The X-ray sources with p,,y below the threshold
Pany,0 = 0.12 were deemed hostless. The choice of the threshold pany o is discussed in the next
section.

3.4 Results and discussion

In this section, we present the results of the optical identification of eROSITA X-ray sources
in the Lockman Hole. We provide the overall statistics on the number of identifications in
Subsection 3.4.1, describe the calibration of the positional errors of the X-ray catalogue based on
the validation sample in Subsection 3.4.2, and describe the estimation of the precision (purity),
recall (completeness) of the catalogue of counterparts in Subsection 3.4.3. In Subsection 3.4.4
we discuss a generalisation of the model to the entire sky and the changes in the procedure needed
for this.

3.4.1 Identification results

As a result of applying the cross-match procedure described above, 6346 (92%) and 4360 (63%)
of the 6885 eROSITA sources in the Lockman Hole field have pa,y > 0.12 and payy > 0.8,
respectively. For 5866 and 1019 X-ray sources the nearest and not nearest DESI LIS object,
respectively, was assigned a counterpart. For 6458 and 427 X-ray sources, the most probable
optical counterpart lies at angular separations sep < rgg and sep > rog, respectively. For 443
(6%) eROSITA sources we found two or more candidates with similar values of p; (within a
factor of 2). For 5919 (86%) eROSITA sources one of the optical objects has p; > 0.8.

3.4.2 Positional Errors of eROSITA X-ray Sources

The 529 eROSITA-DESI LIS validation pairs allow us to check the validity of the positional error
for the X-ray sources. If the errors were calibrated correctly, then the distribution of % (where
sep is the separation between the observed position of the X-ray source and its true position, and
o is the X-ray positional error) is expected to follow the Rayleigh distribution (Watson et al.,
2009; Chen et al., 2018; Brunner et al., 2022a; Belvedersky et al., 2022b).

The results are presented in Fig. 3.3, where the distribution of this quantity from the validation
catalogue is shown. As the true position of an X-ray source, we used the position of its optical
counterpart that is known with an accuracy better than fractions of arcsec, whilst the typical
positional accuracy of X-ray sources is ~ 3 — 20 arcsec. Figure 3.3 presents the distributions
for the complete catalogue in which the detection likelihood DL > 10 and for the sources with

7Corresponds to a probability of 39% for a bivariate normal distribution.
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DL > 15 (corresponding to a significance level = 507). The higher the threshold, the fewer the
number of spurious sources. The expected Rayleigh distribution is also shown.

As can be seen from Fig. 3.3, the observed distributions follow well the Rayleigh distribution.
For the complete validation sample including the sources up to DL = 10 we can see two sources
at large deviations sep 2 50. A visual inspection of these sources revealed no obvious anomalies
in the X-ray or optical data. The appearance of these two sources is the result of a chance
superposition of unrelated eROSITA and Chandra sources; some of the eROSITA sources may
be false (i.e., the result of statistical fluctuations in the X-ray image), as may be suggested by their
comparatively low statistical significance (< 507). Note that at the 40~ significance threshold, we
expect ~ 10 — 20 false sources in the Lockman Hole (for a more detailed discussion, see Gilfanov
et al. 2023). There is no such a tail in the distribution of high-significance (DL> 15) sources—it
agrees well with the Rayleigh distribution.

Thus, the positional errors given in the catalogue of eROSITA sources adequately describe the
uncertainties in the positions of the X-ray sources, justifying their use in calculating the Bayesian
source cross-match probabilities in the NWAY code.

3.4.3 Optical Identification Precision and Recall

It is necessary to estimate the quality of our identification model, to compare it with the algorithm
for a trivial choice of the nearest optical object as a counterpart, and to calibrate the p,py threshold.
We use the validation sample and compare the counterparts selected by our model and the true
counterparts found using the Chandra/XMM data.

To interpret the results of our cross-match model, we apply the following algorithm. Using
the preselected threshold pany 0, we classify the eROSITA sources with payy < pany,o as hostless.
For the sources with pany > panyo We choose the object with the maximum value of p; as a
counterpart. In this case, the following outcomes are possible:

* [t was correctly determined that the source has a counterpart and the counterpart was chosen
correctly. We denote this number by A.

* It was correctly determined that the source has a counterpart, but the counterpart itself was
chosen incorrectly (B). This is the identification error.

* The hostless source was incorrectly classified as a source with a counterpart (C). This is
the classification error of the hostless source.

* The source with a counterpart was incorrectly classified as a hostless one (D). This is the
classification error of the source with a counterpart.

* It was correctly determined that the source is hostless (E).

Several examples of sources from the validation catalogue and their optical surroundings are
given in Fig. 3.4. The positions of X-ray sources (eROSITA, Chandra, XMM) and optical objects
are marked. We also specify the identification parameters (pany, pi) and the true counterpart. We
show three examples of correct matches and one example of incorrect matches.
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Figure 3.3: Distributions in offsets of the X-ray sources from their optical counterpart position

in the validation sample. Upper panel: blue histogram shows the probability distribution of

sep
o

Lower panel: cumulative distribution of the same quantity for two selections of X-ray sources by
detection likelihood DL (DL> 10— blue solid line, DL> 15— red dash—dotted line). On both
panels, the black dashed line indicates the expected Rayleigh distribution. On the lower panel,
the horizontal lines indicate 95 and 98% probability levels.
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In the validation sample, there are N, = 529 sources with counterparts and Nj;, = 30 hostless
sources. We specify the following quality metrics (Belvedersky et al., 2022b):

* overall metric Q = N/::IIE’;,

 counterpart identification recall (completeness) C, = Nic
* hostless identification recall C;, = N%

* counterpart identification precision (purity) P, = A+ATC
* hostless identification precision P, = DEW

Figure 3.5 shows the behaviour of the metrics for three versions of the identification model:
the complete model using the photometric and positional information, the positional model (the
nearest optical object is chosen as a counterpart), and the complete model applied to bright
sources (with a 0.5-2 keV energy range flux Fy > 10~ %erg/s/cm?).

The point of intersection of the counterpart selection recall and precision curves is located at
Pany = 0.12, with a precision and recall reaching 94-95%. For the hostless sources intersection
occurs at papy ~ 0.15 with a precision and recall of 80%. At p,,y = 0.12 the overall precision
of our identification model reaches Q = 94%. pg,,y threshold must be chosen, depending on
the specific scientific problem for which the optical cross-match is made. For the general X-ray
source identification/classification problem threshold p,,y 0 = 0.12 is a good choice.

In the case of a naive identification of an X-ray source with the nearest optical object from the
DESI LIS catalogue, the counterpart selection curves intersect at ppy =~ 0.24 with a precision
and recall of 86— 87%, and p.yy 18 the same with a precision and recall of 70% for the selection
of hostless ones. The overall precision of the model is Q = 86%.

When bright sources (0.5-2 keV flux Fx > 10714 erg/s/cmz) are identified, the precision
and recall reach ~ 98% for pany0 =~ 0.12. Note that with this X-ray flux filter, there are only
three hostless sources in the validation sample. Therefore, metrics for hostless sources were not
calibrated.

Table 2 presents the results of the quality estimation in the corresponding cases.

There is an increase in the identification quality when adding the photometric information—
the overall cross-match quality Q increases by 8%. Interestingly, however, the identification with
the closest optical source provides a good accuracy per se. This is due to the relatively good
eROSITA positional accuracy and the density of optical objects at the DESI LIS sensitivity level
in the Lockman Hole. The density of DESI objects in the Lockman Hole corresponds to roughly
one object in a 10" circle which is approximately the positional accuracy of SRG/eROSITA. For
this reason, the identification of eROSITA sources with the nearest optical object in many cases
leads to the correct result.

3.4.4 Further Steps for the All-Sky Survey

Lockman Hole Field was observed by eROSITA during the performance verification period of
SRG observations. The X-ray exposure is distributed fairly uniformly over the survey area. In



66 3. Optical identification of SRG/eROSITA sources in the Survey of Lockman Hole

. . Companion Source
Companion Companion h . . Correct
. .. assigned with companion Model
Model is correct  is incorrect . hostless .
(A) (B) to hostless  assigned hostless (E) quality
© D)
NWAY +
nnmag 503 20 6 6 24 Q=094
Pany,0 = 0.12
closest
candidate 460 61 9 8 21 Q=0.86
Pany,() =0.24
NWAY +
nnmag _
(bright sources) 246 4 0 0 3 Q=098
pany,O =0.11

Table 3.2: The number of correctly or incorrectly determined counterparts of eROSITA sources
for three versions of the cross-match model: the complete model, the selection of the nearest
optical source, and the complete model applied to bright sources from the validation catalogue.
Columns show the number of correct or incorrect identifications (see sect. 3.4.3), and the overall
quality.

addition, the survey area is not too large, which allows us to ignore the interstellar absorption
and DESI LIS depth variations. When the photometric model is extended to larger sky areas,
it will be necessary to take into account these effects. DESI LIS does not cover the entire sky,
and Pan-STARRS 8 or similar optical large area surveys can probably be used as a photometric
catalogue.

In Subsection 3.3.1 we described a fairly flexible photometric model training procedure. First,
in the training data, we placed emphasis on the X-ray survey depth 3 x 1013 erg/s/cm?, and the
update of the procedure to the all-sky survey regime (where the X-ray depth varies) is fairly easy
and consists of partitioning the models into X-ray flux bins. Second, emphasis in this chapter
was put on extragalactic fields (|| > 20°), and using a new training sample from the Galactic
disk region will allow one to approach the problem of the optical identification of X-ray sources
in densely populated fields in the ridge of our Galaxy (|b| > 20°).

A validation catalogue from the all-sky data will allow us to calibrate more accurately the
positional errors of X-ray sources (see Subsection 3.4.2) through a noticeable increase in the
sample size. It will probably also be possible to take into account the subtler effects associated
with the dependence of the positional error on the X-ray flux, the detection likelihood (Belvedersky
et al., 2022b), the position in the sky, etc. A large validation catalogue will help to estimate more
accurately the recall and purity curves of the cross-match algorithm and its dependence on the
detection parameters, including the position in the sky.

8https://outerspace.stsci.edu/display/PANSTARRS/
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3.5 Conclusion

In this chapter, we constructed a model for the optical identification of sources discovered by
eROSITA using the eROSITA catalogue of X-ray sources in the Lockman Hole as an example
and estimated its precision and recall. As a source of optical information, we used DESI LIS
data. The models were trained and validated using Chandra and XMM X-ray data.

We presented a photometric model based on neural networks to separate the photometric
attributes of the optical counterparts of X-ray sources and field sources. The model transforms
the entire set of available photometric data into one number that we call nnmag and allows these
two classes to be separated with a precision/recall of 40-70%, depending on the available data.

We describe the construction of a sample of eROSITA sources with reliably determined
optical counterparts. Such a sample allows the precision and recall of any cross-match model
to be characterised and, if necessary, is easily constructed in larger sky fields. In the Lockman
Hole field, this allowed us to pinpoint the optical counterpart for 559 of the 6885 eROSITA. The
validation sample allowed us to check the accuracy of the positional errors for X-ray sources, as
described in Subsection 3.4.2.

We applied a combination of the neural network classifier and the NWAY code to search for
optical counterparts of SRG/eROSITA sources in the Lockman Hole.

The quality of the constructed optical identification model is discussed in Subsection 4.3.
The model reaches a recall (completeness) and precision (purity) of 95% for the selection of
counterparts and 80% for the selection of hostless sources, which exceeds the naive identification
with the nearest optical source by 8%. For bright X-ray sources (Fys-» > 107!* erg/s/cm?)
the model reaches 98% purity/completeness. We give examples of identifications and detailed
calibration curves. In conclusion, we discussed the necessary steps to apply the model to the
SRG/eROSITA all-sky survey.

In the next chapter, we will explore the massive central black hole population in dwarf (low-
mass) galaxies. This effort is motivated by the fact that low-mass galaxies are expected to host
black holes which are less massive than that of a typical AGN or Quasar. A Census of actively
accreting black holes in dwarf galaxies can shed light on the question of how the first black holes
were born.
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Figure 3.4: Examples of DESI LIS sky images in the vicinity of eROSITA sources. The cross
and the black circle mark eROSITA source position and its positional uncertainty r9g. The source
name and p.,y are specified in the header. Small blue circles indicate the positions of the DESI
LIS objects, the identifier and p; in per cent are given below and above each circle, respectively.
Candidates for counterparts with p; > 0.01, their identities, and the distance to the eROSITA
source in arcsec are specified in tables in the insets. The positions of the Chandra(XMM) sources
from the validation catalogue are indicated by red (green) circles. The dotted line indicates radius
rrase = 1.47” around Chandra/XMM. True counterpart is specified by a comment (True). The
counterpart identification is correct in cases (a), (b), and (c) and incorrect in case (d), despite
relatively large pany > 0.12.
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Figure 3.5: Cross-match model quality metrics versus threshold pany0. A solid thick blue line
indicates the behaviour of metric Q. Medium-thickness red lines correspond to the selection of
counterparts: the solid line is the recall C,., dashed line is the precision P.. Thin green lines
indicate that for the selection of hostless sources: the solid line is recall P, dashed line is precision
Pj. (A) complete identification model using the photometric and positional information; the grey
line indicates metric Q for the selection of the nearest counterpart. (B) identification with the
nearest optical object; the grey line indicates the metric Q of the photometric model. (C) complete
cross-match model for bright sources (F > 10~'% erg/s/cm?); grey line indicates metric Q of the
photometric model for the complete catalogue.



70 3. Optical identification of SRG/eROSITA sources in the Survey of Lockman Hole




CHAPTER 4

SRG/eROSITA sample of X-ray active SDSS dwarf galaxies

The contents of this chapter are based on a manuscript published in Bykov et al. (2024). My
contribution to that paper was the main idea for the project, analysis of data, discussion of the
results and writing. Other authors (especially M. Gilfanov) contributed to the discussion of the
results and writing.

Abstract

We present a sample of 99 dwarf galaxies (M, < 10°° M) with X-ray activity in their central
regions. The sample was obtained from a match of the SRG/eROSITA X-ray catalogue in the
Eastern Galactic hemisphere with the MPA-JHU SDSS catalogue. The obtained matches were
cleaned rigorously with the help of external optical catalogues to increase the purity of the sample.
This work is the largest study of this kind — X-ray activity in ~ 85 per cent of matched dwarfs was
not reported before. The majority of X-ray active dwarfs are identified as star-forming galaxies.
However, the X-ray luminosity of 82 objects cannot be explained by the collective emission of
X-ray binaries, rendering them strong candidates for dwarf galaxies with an active accreting black
hole in their centre. We find that the fraction of AGN among dwarf galaxies drops from ~ 2- 1072
at Ly ~ 10® erg/sto ~ (2—4)-107*at Ly ~ 10*! erg/s and increases with the stellar mass of the
host galaxy. We serendipitously discovered sources with unexpected properties. We report on a
tidal disruption event (TDE) candidate in a dwarf galaxy, a massive black hole in a dwarf galaxy
with a soft thermal spectrum, a luminous dwarf galaxy with an obscured X-ray spectrum and a
few other peculiar sources. We found three Ultra-luminous X-ray source (ULX) candidates and
a sample of X-ray bright galaxy pairs, in four of which both members shine in X-rays.

4.1 Introduction

It is known that virtually every massive galaxy hosts a supermassive black hole (SMBH) in
its core (Kormendy, Ho, 2013). The observed correlations between SMBH mass and galaxy
bulge properties (such as velocity dispersion, luminosity, and mass) led to the belief that the
evolution of SMBHEs is intimately related to the evolution of host galaxies (Ferrarese, Merritt,
2000; McConnell, Ma, 2013). In less massive galaxies (stellar mass M, < 10°° M, so-called
dwarf galaxies) the demography of central black hole population is not so explicit because of the
difficulties in the detection of nuclear activity (Greene et al., 2020; Reines, 2022). The role of
a central black hole in dwarf galaxies might be the key to the solution to several cosmological
and galaxy evolution problems. Examples include AGN feedback, outflows and suppression of
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star formation in dwarfs (Calabro et al., 2017; Barai, de Gouveia Dal Pino, 2019; Manzano-King
et al., 2019; Ferré-Mateu et al., 2021), core-cusp problem and the reionisation of the Universe
(Silk, 2017). Finally, the importance of dwarfs is emphasised simply by their sheer abundance -
it is the most abundant type of galaxy in the Universe.

Additional consideration comes from the fact that the formation and evolution of SMBH is
not yet understood, and theories are challenged by the presence of very massive quasars within
the first Gyr after the Big Bang (Volonteri, 2010; Woods et al., 2019; Lusso et al., 2022). Possible
scenarios for the birth of such SMBHs involve the seed black holes formed as the remnants of
Population III stars (Madau, Rees, 2001), heavier seed such as the direct collapse of gas clouds
(Loeb, Rasio, 1994), or other models (Mezcua, 2017). The less massive black holes at the centres
of dwarfs (which may be of intermediate mass, IMBH) still have imprints of the precursor BHs
formation and evolution (Volonteri, 2010). Moreover, dwarf galaxies can help the understanding
of the seeding mechanism because they have relatively poor merger and accretion history, thus
their BHs are the closest analogues of the seed BHs (Mezcua, 2017; Zubovas, 2019; Greene et al.,
2020; Reines, 2022; Burke et al., 2023).

There are several ways to find black holes in dwarf (and massive) galaxies. The standard way is
the analysis of optical emission line spectra for the signatures of an active (i.e. accreting) galactic
nucleus (Reines et al., 2013; Chilingarian et al., 2018; Molina et al., 2021). Other possibilities
are optical variability (Baldassare et al., 2020; Ward et al., 2022), radio (Reines et al., 2011,
2020), mid-infrared (Sartori et al., 2015; Marleau et al., 2017) and X-ray (Birchall et al., 2022;
Zou et al., 2023) selections. All methods are prone to selection effects and contamination by
non-AGN-related processes mimicking AGN signatures, such as supernovae and their remnants,
star formation activity, and tidal disruption events (TDE) among others. The mentioned methods
allow selection only of active black holes, whereas finding quiescent (dormant) black holes is
much more difficult and addressed with dynamical methods, TDE detection or gravitational
waves, see Reines (2022).

X-ray emission is a reliable indicator of accretion onto the central black hole if it is not
confused with a TDE, aggregated X-ray binaries emission or a background AGN. X-ray selection
allows picking up objects accreting at lower Eddington ratios compared to other search methods
(Birchall et al., 2022). The usual approach is to take a stellar-mass selected sample of galaxies
and search for X-ray emission. X-ray data from Chandra or XMM-Newton are often employed
(Pardo et al., 2016; Lemons et al., 2015; Baldassare et al., 2017; Birchall et al., 2020; Mezcua
et al., 2023), and recently — SRG/eROSITA (Latimer et al., 2021). The largest X-ray selected
samples come from XMM-SERVS (73 candidates from Zou et al. 2023), 3XMM (61 candidates
from Birchall et al. 2020) and Chandra COSMOS (40 candidates from Mezcua et al. 2018).
Small-area X-ray surveys (COSMOS, XMM-SERVS) allow finding more distant and faint dwarfs
AGN (up to redshift z ~ 2.5), whereas wide-angle surveys (3XMM) pick up the local population
(z < 0.3) and more rare and luminous objects. Hard X-ray (>10 keV) selection proposes a method
less prone to absorption biases and ULX/X-ray binaries contamination, but limited by shallow
flux limits (e.g. Mereminskiy et al., 2023). Another example of X-ray data helping to find active
dwarfs comes from the work of Chilingarian et al. (2018), who studied the properties of optical
spectra to search for the IMBH candidates and only then invoked X-ray data to find 10 bona fide
accreting IMBHs. If the contribution from X-ray binaries is subtracted properly and the selection
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effects are taken into account, the occupation fraction of central BHs can be studied in detail with
its dependencies on luminosity, stellar mass and redshift (Mezcua et al., 2018; Birchall et al.,
2020; Zou et al., 2023).

This chapter focuses on the search for active nuclei in dwarf galaxies with the help of X-ray
data from the SRG/eROSITA all-sky survey, eRASS. In section 4.2 we describe the data used
to construct the sample: catalogue of dwarf galaxies from SDSS (subsect. 4.2.1) and eROSITA
data (4.2.2). Section 4.3 explains the process of X-ray active dwarf catalogue construction and
cleaning steps (4.3.1), analysis of X-ray data (4.3.2), and the estimation of the contamination
from X-ray binaries and hot interstellar gas (4.3.3). We present the catalogue properties and the
discussion of individual sources in sect. 4.4 and 4.5 respectively. In sect. 4.6 we conclude.

We use decimal logarithms in the chapter and assume fiducial cosmological parameters,
Ho=70km s ! Mpc~! (h =0.7), Q,, = 0.3 for flat ACDM cosmology. Uncertainties are quoted
on a 90% confidence interval unless stated otherwise. Masses are in units of solar mass M.

4.2 Data

4.2.1 Catalogue of dwarf galaxies

Our primary catalogue of galaxies is MPA-JHU! catalogue of galaxy properties for SDSS DR12
spectroscopic measurements (part of SDSS-IV, Alam et al. 2015). The catalogue description
is provided in the link mentioned and the techniques used are based on the methods of Kauff-
mann et al. (2003b); Brinchmann et al. (2004); Tremonti et al. (2004). This catalogue covers
approximately 9300 square degrees of the sky and contains 1472581 sources.

In the MPA-JHU catalogue, galaxy properties are obtained by fitting galactic spectra with
templates of singular stellar populations from the population synthesis code of Bruzual, Charlot
(2003) for different stellar ages and metallicities. The best-fitting model is chosen for a single
metallicity and a combination of ten populations of a single age. The continuum is then subtracted
from the data and the residual emission lines are fit with Gaussians. The result is a set of galaxy
parameters, most notable for us are the stellar mass, star formation rate and BPT classification
(Baldwin et al., 1981).

The stellar masses are measured with the assumption of the initial mass function of Kroupa
(2001) within the SDSS fibre (3 arcsec diameter). The authors also calculate the total stellar mass
from the model photometry, i.e. representative of the whole galaxy. We use the median of the
total stellar mass estimate as the galaxy’s stellar mass. We deem a galaxy as a dwarf candidate
if the total stellar mass M, < 10°° My ~ 3 x 10° M. There are 65461 such sources2. Sources
were numbered starting from O and this value is used as source ID. Only ’reliable’ photometry is
used (flag RELIABLE=1 from caLSpEcINFo table). The typical mass uncertainty for this sample
is 0.6 dex. Star formation rate is calculated alike: within the aperture and from the photometry
(total star formation rate, following Salim et al. 2007). We use the median of the total rate of star
formation.

https://www.sdss4.org/drl2/spectro/galaxy_mpajhu/
239004 of which are on the eastern galactic hemisphere (eROSITA-RU)


https://www.sdss4.org/dr12/spectro/galaxy_mpajhu/
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In addition, when possible, we find redshift-independent distance estimation for MPA-JHU
galaxies at low redshift (z < 0.01) from NASA/IPAC Extragalactic Database (NED3). Out of a
sample of 178 dwarf candidates active in X-rays (see below), 64 have redshift z < 0.01, and for
29 of those we find the redshift-independent distance estimation in NED. For these galaxies, we
use the median of all available measurements for a given galaxy. The aim of this exercise is to
correct the redshift stated in the MPA-JHU catalogue for the proper motion of galaxies, which
becomes important at z < 5 X 1073 (1500 km/s) (Kauffmann et al., 2003b).

4.2.2 X-ray data

The SRG X-ray observatory (Sunyaev et al., 2021) is an X-ray mission launched in 2019. In
December of that year, it started its all-sky survey which was put to a halt in 2022 after ~ 4.4
all-sky scans (each scan takes 6 months to complete). The eROSITA X-ray telescope (Predehl
et al., 2021) operates in the 0.2-9 keV energy range. We use SRG/eROSITA catalogue of X-ray
sources in the Eastern Galactic hemisphere (0 < [ < 180°) gathered after over two years of
operations (four all-sky scans + 40% of the fifth all-sky scan). The catalogue was obtained by
the X-ray catalogue science working group of the Russian consortium of the eROSITA telescope.
Calibration of data, production of sky and exposure maps, and source detection were carried out
using the eSASS software developed by the German SRG/eROSITA consortium (Brunner et al.,
2022b) and the software developed by the Russian SRG/eROSITA consortium. The positional
errors and astrometry are calibrated by the catalogue working group via cross-match with a large
sample of optical quasars, resulting in the final and corrected X-ray positions and positional errors.
For matching with MPA-JHU dwarf galaxies we used eROSITA X-ray source catalogue in the
Eastern Galactic hemisphere constructed in the 0.3-2.3 keV energy range. For further analysis, we
filtered the eROSITA catalogue to leave point sources having the 98% positional uncertainty (r9g)
better than 20 and with detection likelihood DL > 15, approximately corresponding to ~ 50
significance for Gaussian distribution. We note that in the course of the astrometric correction
and error calibration, the 98% positional errors are capped at the lower limit of 5”. Since we are
interested in AGN (which would always be a point source), extended objects are not considered
in this work.

In the next section, we describe the procedure of matching the eROSITA X-ray catalogue to
the sample of dwarf galaxies from MPA-JHU galaxies.

4.3 Catalogue of active dwarf galaxies

4.3.1 Matching eROSITA X-ray source catalogue with dwarf galaxies.

Initial cross-match and random-chance associations

We start with cross-matching the sample of 65461 SDSS dwarfs (39004 of which are in the
eastern galactic hemisphere) with the eROSITA catalogue of sources. The area of MPA-JHU

3https://ned.ipac.caltech.edu/Library/Distances/
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4.3 Catalogue of active dwarf galaxies 75

footprint located in the Eastern Galactic hemisphere is 5200 degrees squared. The match radius
was chosen to equal 98% positional uncertainty of the eROSITA source position. Sources with
negative redshifts in the MPA-JHU catalogue are discarded. We found 198 eROSITA-SDSS
pairs, made of 198 unique MPA-JHU galaxies and 178 unique eROSITA sources.

To assess the number of random-chance associations between eROSITA and MPA-JHU dwarfs
we performed a simple simulation. eROSITA sources were displaced in a random direction by 0.1
degree and the cross-match with the original dwarf catalogue was performed. All matches found
after random shifts are not real and constitute chance alignments. By repeating the simulation
200 times we estimate that the number of random-chance associations between eROSITA and
MPA-JHU dwarf is 33.7 £ 5.9 sources (~ 17 per cent, 1o error). The amount of random-chance
associations is quite significant due to the large number of eROSITA sources. False matches with
X-ray active quasars could in principle be identified with the help of IR data to exclude quasars
from matching pairs. Systematic implementation of this approach is deferred for future work.
However, we note that some fraction of false matches will be removed from the sample in the
course of the cleaning procedure described below.

Removing duplicates

Among the 198 MPA-JHU objects, there are duplicated pairs of coordinates (when the MPA-JHU
have two objects with different IDs, but equal coordinates). We remove one MPA-JHU object
from such pairs leaving the one with greater mass#. This removes 11 MPA-JHU sources.

There are still duplicated pairs when one eROSITA source is close to two MPA-JHU entries
with different IDs/coordinates. From such pairs, we again remove the one with the smaller mass>.
During the visual inspection, we confirmed that those 9 cases are, in fact, several close-by SDSS
fibre positions measuring the same galaxy (hence the mass difference). This left 178 pairs, with
178 unique X-ray detections and 178 unique SDSS dwarf galaxies.

Thus those 178 galaxies are our candidate dwarfs with active nuclei. We significantly increased
the purity of the catalogue as per the steps below, but all 178 objects are listed in the tables
accompanying this chapter.

Cleaning the Quasars

The cleaning continues with the cross-match of the sample with the SDSS DR16 list of quasars
(Lyke et al., 2020)¢. We found 11 distant AGN/quasars within r9g of the eROSITA position and
removed them from the active dwarf candidates. Three additional quasars are excluded with the
help of Simbad database (Wenger et al., 2000). X-ray emission is much more likely to originate
in a quasar rather than (any) galaxy for the eROSITA flux limit.

4maximum mass difference in a pair is 6%
Smaximum mass difference is a factor of 10-500 in three sources, for 8 sources the figure is of the order of unity.
Shttps://www.sdss4.org/drl7/algorithms/qso_catalog/
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Cleaning of massive galaxies

In the next step, we cross-correlate the X-ray positions with the whole MPA-JHU catalogue
(not only dwarf galaxies) with a 40" radius. We find 19 cases when within r9g we can see a
massive galaxy (M, > 10°° M, independent of the reliability of photometry). We believe that
this is an example when a galaxy (usually of a large size) is being measured by several fibres and
one of them provides a total stellar mass in the dwarf regime incorrectly (so-called photometric
fragmentation, see Sartori et al. 2015; Birchall et al. 2020). All 19 sources are excluded.

Based on the same arguments we cross-match the sample with NASA-Sloan Atlas of galaxies
(NSA v1_0_17) catalogue with 40" radius, and remove galaxies which have a massive M, >
10940301 neighbour within r9g. Note that we increase the dwarf mass limit by 0.3 dex (factor
of 2) to conservatively accommodate the mass measurement uncertainty. 45 objects are excluded
in this manner (all except a few sources are photometric fragmentation examples). Some of them
also have a massive neighbour from SDSS (see step above).

Visual inspection

The final step in the cleanup is the visual inspection of each source and its surroundings using
DESI LIS?® cutouts. In this step, we excluded 16 sources. 15 cases were examples of photometric
fragmentation or HII regions in large (12 objects) or dwarf (3 objects) galaxies outside of rog, and
one case of a stellar object (Simbad). This leaves us with 99 remaining and 79 excluded sources.
Examples of AGN dwarf candidates are presented in Fig. 4.1, and examples of excluded sources
due to different reasons are presented in Fig. C.1. In the attached tables, a comment is made on
the reason for the exclusion of removed sources.

Even though we excluded almost half of eROSITA matches, the catalogue may not be 100%
pure and extreme objects (e.g. in mass or luminosity) should be treated with caution. For
example, we note that 9 out of 10 galaxies with extremely low stellar mass (M, < 10’ M) have
counterparts in the NSA catalogue. Out of 9 such galaxies, 7 have a significantly more massive
dwarf counterpart in NSA (e.g. for ID 28027 the mass from MPA-JHU is ~ 10° and from NSA
~ 6 x 108My,), therefore properties of such sources should be used with care. For the overall
consistency, we use only MPA-JHU masses in this work.

In what follows we will refer to the sources which passed the cleaning criteria unless stated
otherwise.

4.3.2 X-ray variability and spectral analysis

For each source we extract data during each of four (five) eROSITA all-sky surveys (eRASS1...5)
and the co-added data of all surveys. 61 sources have data from the fifth sky survey. For each scan
(or added data) the source extraction region is a circle with a 60” radius centred on the position
of an X-ray source from the added data. The background was estimated from an annulus with
inner and outer radii of 120” and 300”. From both regions, we exclude a 40” circle around any

"https://live-sdssd4org-drl3.pantheonsite.io/manga/manga-target-selection/nsa/
8Dey et al. 2019, https://www.legacysurvey.org
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https://www.legacysurvey.org
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Figure 4.1: Examples of galaxies which passed the selection criteria. Each image is a DESI LIS
cutout centred on the dwarf’s position. eROSITA X-ray source position and positional uncertainty
(rog) shown as cyan circle. Each galaxy has an ID on the bottom left and the scale bar on the
bottom right (20" in length).
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source detected nearby (with the detection likelihood DL > 10). The spectra were rebinned to
have at least three source counts per channel. The fitting is done in XspPec (Arnaud, 1996) with
Cash statistics (Cash, 1979) in the 0.3-8 keV energy range. Spectral models are not red-shifted
due to the relatively small distances involved.

Spectral analysis and X-ray flux calculation

In order to characterise the range of spectral properties and to compute X-ray flux, we fit the X-ray
spectra of all candidates with a simple power law model absorbed with the neutral hydrogen in
our Galaxy. The hydrogen column density Ny is fixed for a given source on the value from the
NH4PI map at the source’s position (HI4PI Collaboration et al., 2016). Sources in our sample
have a fairly low number of counts (the median of net source counts is ~ 20) and correspondingly
large uncertainties in their spectral parameters. To avoid additional errors due to uncertainties
in spectral parameters, for the flux calculation we used several models of fixed spectral shape
chosen depending on the power law fit results, as described below.

86 out of 99 sources have photon indices consistent (within 90% confidence interval) with the
canonical AGN values in the range 1.5 < I' < 2.5 (Ge et al., 2022; Liu et al., 2022a). For those
sources, we used a fiducial spectral model of a power law with fixed photon index I' = 1.9 for flux
calculation. Three sources® are statistically significantly softer than this range, we used a black
body model BBoDYRAD with frozen best-fit temperature and with fixed Galactic absorption for
them!°. Spectra of ten sources are harder than the typical AGN spectrum with the 90% confidence
interval for the photon index I' < 1.5. Spectra of 8 of them! can be adequately described by the
model of a mildly absorbed AGN with I" = 1.9 and Ny = 5 x 10?! cm™2 and we used this model
for their flux calculation. Spectra of two remaining sources!? are much harder and could not be
fit with the mildly-absorbed I" = 1.9 power law. For the flux calculation of these sources we used
a power law with I' = 1.0 and Galactic absorption. Examples of representative spectral shapes
are shown in Fig. 4.2 for three relatively bright sources.

With the chosen fiducial models, the source’s flux and luminosity were calculated in the 0.3-2,
0.5-2, and 2-8 keV energy ranges!3.

Variability

We analysed the light curve of each source by calculating flux in the 0.3-8 keV energy range for
each scan. Flux (or its upper limit) was calculated using spectral models described above with
the shape parameters fixed (e.g. I" or black body temperature). 4 sources have only upper limits
in all scans. Dwarfs were ranged by the ratio of the maximum measured flux to the minimal

°ID 10487, 33862 and 4296

10Tn X-ray spectra of ID 10487 and 4296 may have an additional power-law component as described in sect. 4.5.2
and 4.5.1 respectively.

uID 52047, 51004, 50909, 45689, 27238, 5545, 20944 and 11124

2ID 15677 and 49241

BFor ID 15677 and 25312 luminosity errors are quoted on 68% uncertainty level, since 90% errors formally give
only upper limits.



4.3 Catalogue of active dwarf galaxies 79

—— : : ——
e . o ID 2448: Typical
2 S o D 4296: Thermal
© § o ID 27238: Obscured? |
0.1 E
F o ]
(o]
o
n 1072 g o E
> - (o] o o E
) o
V4
7 ; $
n 10_3: ? o o =
- o
(o]
1074 E
o
10_5; 1 1 1 1 1 1 1 1 1 Il 1 E
0.3 0.5 1.0 2.0 4.0 8.0

Energy (keV)

Figure 4.2: Representative X-ray spectra of dwarf galaxies as seen by eROSITA. Three sources
are shown - an example of a ’typical’ object (modelled with a power law, coloured blue), a
thermal spectral shape (modelled with a black body model, orange), and a seemingly absorbed
spectrum (modelled with a power law with additional absorption, green). Spectra were rebinned
for plotting purposes. The model used to calculate fluxes is shown with dotted lines.
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Figure 4.3: X-ray light curves of five dwarf galaxies with highest values of R. Each point shows
the average flux registered in one all-sky survey.

flux/upper limit ignoring error bars. We call this ratio R and use it as an approximate variability
indicator.

Out of 99 dwarf candidates, only 3 have R > 5, i.e. suspected significantly varying sources.
Examples of light curves are shown in Fig. 4.3, where the top 5 variable sources are shown.

For more thorough techniques to search for variability suited for eROSITA (including upper
limits and proper treatment of R uncertainties) see, e.g. Buchner et al. (2022); Medvedev et al.
(2022). Using those, however, is deferred for future work.

4.3.3 Contribution of X-ray binaries and hot gas

X-ray emission in galaxies can come from a multitude of sources, but the primary contaminant
for our study would be the X-ray emission from X-ray binaries and hot gas in the interstellar
medium (ISM) (Mineo et al., 2012b; Gilfanov et al., 2022). The binary population consists of
two types of sources, Low- and High-mass X-ray binaries (LMXB and HMXB), in which a black
hole or a neutron star is paired with a normal star. LMXBs trace the old stellar population, whilst
HMXB stalk young massive stars (Grimm et al., 2003; Lehmer et al., 2010; Mineo et al., 2012a,b;
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Gilfanov et al., 2022).

The aggregated emission of both binaries populations and hot gas is tightly correlated with
the main galaxy properties — stellar mass and star formation rate. Namely, the number and total
luminosity of LMXB systems depend on the stellar mass, whereas that of HMXB depends on the
star formation rate (SFR). The luminosity of hot gas is also proportional to the SFR. To predict
the contributions of binaries populations for our dwarf candidates we use scaling relations from
Lehmer et al. (2010) and Gilfanov et al. (2022)*. For hot gas, we use the relation from Mineo
et al. (2012b)®.

Out of 99 active dwarf candidates, 82 have the estimated XRB contribution (Lx xrp) far below
the observed luminosity (Lx obs) in the 0.5-8 keV band, X°bs > 3. In all of those 82 sources
the contribution of hot gas is also negligible compared to the observed luminosity in the 0.5-2
keV energy band. We conclude that the majority of our X-ray active dwarf galaxies are indeed
powered by accretion onto a massive black hole. It is interesting to note that dwarf galaxies with

Lxab 3 4o not show prominent X-ray variability, with the largest R = 2.8 for ID 39612.

Lx xrB

4.4 Results & Discussion

4.4.1 The catalogue of X-ray active dwarf galaxies and candidates

In appendix C.1 we describe the catalogue of 99 X-ray active dwarf galaxies detected by eROSITA,
and present a subset of its columns in table C.1 for dwarfs with X;"’S > 3. The list of 76 eROSITA
— MPA-JHU matches which were not included in the final catalogue is presented in appendix C.2
along with the reason for rejection for each case. DESI LIS images are available for all objects
from the files attached to the chapter.

Fig. 4.4 shows the redshift — X-ray luminosity plane, with markers encoding the BPT
classification of an object (see below) and the XRB contribution. The minimum luminosity is
~ 10% ergs™!, the maximum is ~ 10* ergs~!, median is 1.5 x 10*! ergs~!. All sources except
a few are on redshift z < 0.1, with the median of z = 0.01. The correlation between redshift and
luminosity is expected for a flux-limited sample of eROSITA, but AGNs (according to the BPT
classification) tend to be more luminous than SF galaxies.

4.4.2 Objects previously identified as AGN candidates

Before turning to the discussion of the results, we cross-correlated (5" match radius) our dwarf
sample with some readily available active dwarf candidates catalogues mentioned in the intro-
duction. First, the sample of 61 X-ray-selected active dwarfs from 3XMM-DR7 (Birchall et al.,
2020) to find only 5 matches (IDs 11124, 20701, 34500, 49241, 53431). The study of Birchall
et al., to our knowledge, used the largest publicly available X-ray survey with the area of ~ 1000

“namely, we use formula (5) from Gilfanov et al. 2022 with luminosities in the 0.5-8 keV energy range and stellar
mass/SFR from the MPA-JHU catalogue. Lx xrB = X SFR+a X M., loga =29.25,log 8 = 39.71 (Lehmer et al.,
2010)

15 Loas = 8.3 X 1038 xSFR, with luminosities in the 0.5-2 keV range.
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Figure 4.4: Redshift v. X-ray Luminosity plane for 99 dwarf galaxies detected by eROSITA.
Larger-sized markers designate objects with LL;—;;; > 3. Marker encodes dwarf’s BPT classifica-

tion from MPA-JHU (circle — star-forming, rhombus — composite, square — AGN, unclassified —
X).
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deg? — the closest one gets to eROSITA’s power. We found four dwarf with AGN (ID 9225,
20701, 28027 and 49241) from 19 candidates of Lemons et al. (2015). Four optically-selected
active dwarfs from Reines et al. (2013) may be found in our catalogue (ID 53431, 10487, 44628,
49241). Optical + mid-IR selection by Sartori et al. (2015) matched with the following 6 sources
- 1D 44628, 25337, 10487, 30754, 9028, 34500, 4296. Infrared selection of Marleau et al. (2017)
coincided with our ID 10487, 44628, 20701, 20867, 11124, 49241. Finally, we searched for
X-ray emission from 305 IMBH candidates of Chilingarian et al. 2018 to find three matches (ID
10487, 49241, 53431). From Greene, Ho (2007) we re-discovered only ID 10487.

Overall, 14 unique eROSITA-detected dwarfs were reported as (candidate) AGNs in low-mass
galaxies before. Leaving our sample with ~ 85 per cent new candidates discovered for the first
time.

ID 6328, 19521, 20867, 33862 and 50706 are found in a sample of dwarf galaxies targeted
for radio observation in Reines et al. (2020). They used high-resolution radio observations to
establish that a large number of massive black holes in dwarfs are off-centred. Only ID 19521
and 20867 have compact radio sources near the galactic centre (offsets 0.3" and 0.6" whereas
positional uncertainty is < 0.1”, indicating offset from the centre). However both galaxies have
radio properties consistent with star formation processes (see fig. 11 in Reines et al., our galaxies
are their ID 49 and 62 respectively).

4.4.3 Sample properties

Stellar mass, SFR and the BPT-diagram

We start describing the catalogue of 99 selected dwarfs with the description of host properties.
In the figures, data from MPA-JHU is shown with 10 uncertainties. In Figure 4.5 we show the
distribution of objects in M.-SFR plane. For eROSITA dwarfs we show their BPT classification
as different markers (see below). ~ 80 per cent of the sample have stellar mass M, > 108M,,.
The lowest mass is 10°Mg. Star formation rate spans from 107 to 10 M, yr~'. Medians are
7 x 103Mg, and 0.15 Mg yr~! respectively. A large sample of dwarfs from MPA-JHU is also
shown in the figure. KS-test for the distribution of masses show that the masses of eROSITA-
selected objects and dwarf galaxies!® are not drawn from the same distribution (p-value ~ 107%)
- eROSITA objects have a slightly heavier low-mass tail. The same test for SFR values shows the
p-value of 0.02, marginal consistency with the same distribution.

In Fig. 4.6 we show the BPT-diagram (Baldwin et al., 1981). It shows the ratio of two
pairs of optical emission lines - OI%:"” and NI;I—TSS The diagram is a diagnostics tool for the
source of ionising radiation and is good in separating optical AGN and galaxies with active star
formation. We plot the eROSITA sample, and samples of randomly selected dwarfs and massive
galaxies from MPA-JHU, with all samples filtered to have the necessary line fluxes signal-to-noise
larger than three (92 X-ray active dwarfs pass this criterion). For eROSITA sources their BPT
classification from MPA-JHU (methodology of Brinchmann et al. 2004) is shown. Separation
lines from Kewley et al. 2001; Kauffmann et al. 2003a between star-forming (SF), composite

beastern galactic hemisphere
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Figure 4.5: Position of 99 eROSITA-detected dwarf galaxies in the Stellar Mass v. Star Formation
Rate plane (purple circles). Larger-sized markers designate objects with LL;(—;;; > 3. Marker
encodes dwarf’s BPT classification from MPA-JHU (circle — star-forming, rhombus — composite,
square — AGN, unclassified — X). In addition, 5000 dwarf galaxies from MPA-JHU selected at
random are shown as blue circles. Contours show iso-proportion density (inner — 20, 40, 60, 80%
— outer) for 20k random dwarfs. It is apparent that eROSITA-selected dwarfs have more objects

of lower mass than that expected from the contours of the parent population.

and active galaxies are shown. eROSITA sample has 89 SF galaxies, 5 AGN, 3 composite and
2 unclassified sources. Both eROSITA-selected and MPA-JHU dwarfs are dominated by SF
galaxies, whereas massive objects are more dispersed in both SF and AGN branches. This plot
shows that X-ray emission is able to pick up low-luminosity AGNs deep in the SF region of the
BPT diagram, as explained in the introduction and consistent with previous X-ray studies (e.g.
Birchall et al. 2020). Additional diagnostics can be performed based on the ratio of X-ray flux to
the optical emission flux. For example the ratio of O 5007 line to the hard X-ray luminosities is
used to discern AGNs from TDE in eROSITA survey (Khorunzhev et al., 2022), or the ratio of
the flux at 2500 angstrom to the flux at 2 keV (Birchall et al., 2020); but we do not attempt such
diagnosis here.
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Figure 4.6: Position of eROSITA-selected dwarf galaxies in the BPT diagram. Colours and
symbols are the same as in Fig. 4.5, but with added 5000 random massive (non-dwarf) galaxies
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X-ray luminosity and Eddington ratio

Figure 4.7 shows the hard X-ray luminosity (2—8 keV) vs. host stellar mass. We plot lines of
constant Eddington ratio Agqq (see Aird et al., 2012; Birchall et al., 2020, 2022; Zou et al., 2023)
calculated as explained below.
We define
K X Ly_10 kev

- 1.3 x 1038MBH(M*)

AEdd

where K is the bolometric correction (translates hard X-ray luminosity into bolometric lu-
minosity), Mpp(M.,) is a mass of a central black hole expected for a given stellar mass. The
coeflicient in the denominator is the Eddington luminosity for unit mass. For an X-ray spectrum
with photon index I' = 1.9, the flux in the 2-10 keV band is 17% higher than in 2-8 keV. Given
uncertainties in bolometric corrections and black hole masses, we ignore this difference and use
measured 2—8 keV luminosities instead. No k-correction is made because redshifts are small.

AGN hard X-ray bolometric corrections are calibrated with respect to the bolometric lumi-
nosity, Eddington ratio and black hole mass in Duras et al. (2020). As we work in the low-mass
regime, we use Eq. 7 from Duras et al. to calculate the bolometric correction for low BH masses.
From their Fig. 9 and Eq. 7 one may estimate the K ~ 16.7 with the scatter of around 0.35 dex.
Similar X-ray studies also use K in the range of 20-25 (Birchall et al., 2020; Latimer et al., 2021;
Zou et al., 2023).

For black hole masses, we use scaling relations of Reines, Volonteri 2015 (their eq. 4, see also
Suh et al. 2020) calibrated with AGN and galaxies in the local universe, including dwarf galaxies:
log(Mgy/Mg) =7.45+1.051og wﬂ/[—*Mo +0.55. We note that according to such a relation, objects

with M, < 3 x 10°M,, are expected to host a BH of intermediate mass (Mpy < 10°M,).

Lines of constant Aggq are shown in Fig. 4.7. The majority of our sources have Agqq =
1073...10~", with around ~ 10 — 15 sources seemingly accreting at the Eddington level or above,
median Agqq is ~ 0.01. The median level is lower than that found in deep surveys such as Chandra
(Mezcua et al., 2018) and XMM (Zou et al., 2023) with median values around ~ 0.2 — 0.6.
This may be explained by the selection effects - in the distant Universe one has trouble detecting
low-Agg4q source due to them being under the flux limit. On the other hand, our median is higher
than that of Birchall et al. (2020) with the median of ~ 0.001. The latter may be explained by the
Mgy (M.) relation adopted by Birchall et al. which predicts BH mass almost order of magnitude
larger than the relation we adopt, our results are broadly consistent.

There are important caveats in interpreting the results. First, in the high Agqq regime the
bolometric correction may change dramatically (Duras et al., 2020). Not only that, the spectral
shape may be different from the expected power-law. In our sample two very bright sources
(Lx,03-2.0keV ~ 10*?) have thermal spectrum, therefore having negligible luminosity in the 2—8
keV regime. These two sources are basically missing in the calculations of Aggq presented here,
but still even without bolometric correction they appear to have Aggg ~ 0.1. One should also bear
in mind that the correlation between the stellar and BH masses is highly uncertain in the low-mass
regime (Suh et al., 2020; Mezcua et al., 2023). Very low-massive galaxies (M, < 10’ M), and
sometimes normal dwarf galaxies may be prone to mass measurement errors (see sect. 4.3.1).
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Figure 4.7: Mass v. X-ray Luminosity plane. Lines of constant Eddington ratio are shown with
orange lines. For the Aggq = 1 the expected scatter in Mgy — M, relation is shown. Points above
Agqq = 0.1 should be interpreted with extreme care (see text).
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4.4.4 AGN fraction and luminosity distribution

In order to compute the AGN fraction we need to take into account several incompleteness factors.
The first one is the sensitivity of the eROSITA all-sky survey (varying across the sky) and the flux
limit of its source catalogue. This factor is fully accountable for and will be corrected as described
below. The second incompleteness factor is related to the incompleteness of the MPA-JHU SDSS
catalogue at the faint (low mass, large redshift) end. We will attempt below several approaches
to approximately correct for this effect and demonstrate that they all give consistent results.

Another incompleteness factor is related to the cleaning of the initial list of eROSITA —
MPA-JHU matches. Our catalogue of X-ray active dwarf galaxies is constructed with the goal of
being pure but not necessarily complete. Hence, we are likely to determine only the lower limit
on the AGN fraction in dwarf galaxies. This factor is difficult to accurately correct. We note,
however, that 96 sources out of 178 initial matches were excluded from the luminosity function
calculation (after the cleaning procedure and the requirement of % > 3). Therefore, the
maximal uncertainty which can be introduced in this step is less than a factor of ~ 2; this should
be taken into account when interpreting our results. Finally, an important question is how well
the MPA-JHU catalogue represents the overall population of dwarf galaxies in the local Universe.
This is discussed in more detail at the end of this section.

For calculating AGN fraction and luminosity distribution, only dwarfs with % > 3 are
used (82 objects). From MPA-JHU galaxies we removed galaxies duplicated in spPEcOBJID or
coordinates, and sources with non-reliable photometry. We limit the stellar mass to the range
8 <log M, < 9.5 - the completeness limit is not well-defined for lower mass galaxies due to poor
statistics.

To correct for the incompleteness of the X-ray detections we used a method similar to the
approach used in the incompleteness correction of the log N — log S flux distribution of X-ray
sources (Shtykovskiy, Gilfanov, 2005; Voss et al., 2009). We use the eROSITA sensitivity
map to compute the sensitivity curve A(Lx) = N(Lxupper < Lx) defined as the number of
dwarf galaxies in the given mass-redshift range in the MPA-JHU catalogue where the eROSITA
sensitivity is better than a given luminosity Ly. Next, for every eROSITA-detected dwarf galaxy
with luminosity Lx x we calculate the weight wy = 1/A(Lx)-

The binned estimate of XLF in a bin of luminosity would be then

p dN 1 Z
= = w
dlogLx AlogLx :

kebin
and its error A¢ = m > wi. For the cumulative XLF,
d(Lx) = Z Wi

kILX’k>LX

When no sources are detected in a bin/above a given luminosity, an upper limit of 95% is placed
which for Poissonian distribution equals to three sources.

To control the possible completeness of the dwarf galaxy content of the MPA-JHU SDSS
catalogue, we used three approaches. In the first approach, similar to Birchall et al. 2022, we
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define the redshift-dependent stellar-mass limit of SDSS M (z) as a mass above which lies 90% of
galaxies in narrow redshift bins and use only galaxies with M > M (z). In the second approach,
we determine the mass-dependent redshift limit z(M) below which lies 90% of galaxies in a
narrow stellar mass bin and use only galaxies with z < z(M). In the third approach, we use all
objects in a given mass bin. The two selection curves are shown in Fig. 4.8 for M, > 108M.

To compare these three approaches, we calculate the cumulative fraction of X-ray active dwarf
galaxies in a broad galaxy mass range 8 < log M, < 9.5, shown in Fig. 4.9, panel A. The three
curves virtually coincide up to the luminosity of ~ 10**3 and diverge notably at Ly > 10#!,
where Poissonian errors start to dominate. For further analysis, we chose to use the results of the
first method of incompleteness correction, M (z).

The differential XLF of dwarf galaxies is shown in panel B of Fig. 4.9. Overall, the AGN
fraction increases towards lower luminosities. The cumulative AGN fraction is ~ 2.24 + 0.59
per cent at Ly > 10%° and decreases to ~ 0.39 + 0.11 per cent at Lx > 10%°. There is evidence
of flattening of the differential XLF at the low luminosity end Lx < 10333? (also seen in more
narrow mass bins, see below), but further data is needed to confirm this finding. Some remaining
systematic bias may be present at the low luminosity end of XLFs because of the contamination
by X-ray binaries.

To investigate the mass dependence of the AGN fraction we separate the sample into two
bins in stellar mass: 8 < logM, < 9 and 9 < log M, < 9.5. The results are shown in panels
C and D of Fig. 4.9. For luminosity Lx > 10°° the cumulative AGN fraction for the low mass
bin is ~ 1.85 + 0.61 per cent, and ~ 3.32 + 1.53 per cent for the high mass bin. For luminosity
Lx > 100 the AGN fraction is ~ 0.17 + 0.09 per cent (low mass bin) and ~ 0.89 + 0.36 per
cent (high mass bin). The difference in AGN fraction is statistically significant for luminosity
Lx > 10*. This supports the picture of ubiquitous black hole occupation of massive galaxies
which rises towards higher masses (Aird et al., 2012, 2018). The slope of XLF for the lower mass
bin seems to be steeper than that of the higher mass. We checked that making ’volume-limited’
samples of dwarfs by restricting redshifts to be below the redshift of the lowest mass limit in a
given mass bin does not change these results significantly.

Differential XLF obtained in this chapter is slightly steeper than that of Birchall et al. 20207
for the high mass bin, but overall it is consistent in magnitude. The cumulative AGN fraction
for Lx > 10* for low and high mass bins from Birchall et al. 2020 are roughly 0.5% and
1% respectively, slightly higher than the eROSITA results. The difference may arise from the
selection criteria and our cleaning procedure, as discussed above. In this respect, we recall that
Birchall et al. excluded only 15 out of 101 initial matches.

We did not find any statistically significant redshift evolution of the AGN fraction.

MPA-JHU galaxies (and SDSS galaxies in general) are rather luminous and relatively close by,
therefore the catalogue of dwarfs may not be representative of the entire dwarf galaxy populations
in the local Universe, especially at higher redshifts. We also found several obscured sources,
against which eROSITA has strong bias due to the soft response. Obscured AGNs in dwarfs may
or may not be a significant portion of the population, which we will likely miss. X-ray binaries
may be problematic for a faint end of the luminosity function. One luminous X-ray binary is

since they use band 8 of XMM for luminosities (0.2-12 keV), their luminosities are by ~ 0.5 dex larger than ours
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Figure 4.8: Mass v. redshift plane. The approximate SDSS mass completeness limit in redshift
bins is shown as a black curve, and SDSS redshift completeness in mass bins in the black dashed
curve. We calculate the fraction of active dwarfs in stellar bins highlighted by horizontal stripes.

enough to produce Lx ~ 10%3% erg s~'which we can deem as an AGN.

In the conclusion of this section, we mention an exciting possibility to constrain the fraction
of dormant black holes in dwarf galaxies using the data of wide angle and long time span surveys,
like SRG/eROSITA all-sky survey. This possibility is given by the detection of TDEs in dwarf
galaxies (for example discovered by eROSITA in ID 4296 in our sample, see discussion below).
A TDE would be detected whether or not the host galaxy is classified as an AGN (in the case of
ID 4296 it is a BPT-classified AGN). Detection of a TDE means that a star was disrupted by a
black hole, leaving no doubt that the centre of a galaxy is inhabited by a massive BH. ID 4296
is a dwarf with stellar mass ~ 3 X 10°My, and the corresponding BH mass of log Mgy ~ 5.8,
redshift is z = 0.048. Detection of just one TDE places a rather weak lower limit on the fraction
of dormant black holes in dwarf galaxies, roughly one in ~ 40000 galaxies. However, systematic
wide-area sky surveys (also in optical, see Yao et al. 2023) will lead to an increase in the number
of TDEs found in dwarf galaxies and will help to obtain more meaningful constraints.
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Figure 4.9: Results on the occupation fraction of AGN in dwarfs with M, > 108My. Panel A
shows the cumulative XLF for the three cases of calculated mass-completeness limits of SDSS.
Panel B shows the differential XLF for one completeness case. Panels C and D show cumulative
and differential XLF for two samples of dwarf galaxies: with masses below or above 10° M. All
panels show the power law with a slope of -1 to guide the eye. X-ray luminosities are in the 0.5-2
keV energy band.
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4.5 Individual objects

Based on the analysis of X-ray data, we selected several sources with interesting properties worth
some further discussion. Among them a Tidal Disruption Event (TDE) candidate, a very soft
and bright source but without significant variability, a luminous obscured AGN — the most distant
and luminous source in the sample and an obscured and variable AGN. We also found several
examples of X-ray active galaxy pairs and ultra-luminous X-ray source candidates. The objects
discussed in this section are listed in Table 4.1.

4.5.1 1D 4296 - a possible Tidal Disruption Event in a dwarf galaxy

Object 4296 (SRGe J023346.8-010129, SDSS J023346.93-010128.3) is peculiar. It is classified
as an AGN (not LINER) in MPA-JHU catalogue (the top right source in Fig. 4.6). 4296 has
stellar mass ~ 3 x 10° M, and the corresponding BH mass of log Mgy ~ 5.8 from the M, — Mgy
correlation. Redshift is z = 0.048 (distance of 203 Mpc).

It has the most variable X-ray light curve (top left in Fig. 4.3) constantly rising through
eRASS1..5, and the softest spectrum (I' = 5.5 £ 0.5, Fig. 4.2). The DESI LIS image is shown in
Fig. 4.1 in the bottom right. This object has a variable optical brightness and a transient event
was discovered at that position in 2018 by Gaia Alerts Team (AT2018cgh'®), but the event was
not classified.

To track the evolution of the source’s intensity we requested a Swift/XRT (Burrows et al., 2005)
Target of Opportunity observations. ToO request ID is 19205 with 4355 s exposure in PC mode,
performed on Aug 9, 2023. The data was processed using the standard Swift/XRT pipeline?®. A
source was detected in the given position with a significance over 30, and its coordinates were
pinpointed with XRTCENTROID (position error ~ 5"). The distance to the eROSITA position is
1.2", and to the SDSS dwarf is 2.5". The source extraction region was centred on the source
position and had a 20-pixel radius, whilst the background region is an annulus with radii of 25
and 60 pixels. Spectrum was grouped to 1 count per channel and fit with Cash statistic.

Fit the co-added eROSITA data with the black body model gives the best-fitting temperature
of 63 + 7 eV and the size of the emitting area of R ~ 1.9J:%"§) x 10! em for 203 Mpc distance. No
statistically significant temperature variations were detected between the individual sky surveys,
although the statistical uncertainties in the first three surveys are fairly high. The Swift/XRT
spectrum is similarly soft with the best-fitting temperature of 83 + 25 eV, consistent with the
eROSITA value. Both eROSITA and Swift/XRT data show evidence for the presence of a non-
thermal hard tail which we model as a power law with a fixed photon index I" = 1.9. For example,
in eRASS 5 the C-statistic significantly improved from 31.67 (25 dof) to 17.34 (24 dof) with the
added hard component, and it is responsible for ~ 10 per cent of X-ray flux in the 0.3-2 keV
energy band. For estimating flux evolution we, however, use a simpler model without the hard
component (PHABS*BBODYRAD). For each scan (and the XRT observation) we use individual
best-fitting temperature and normalisation to estimate unabsorbed flux in the 0.3-2 keV energy

Bhttps://www.wis-tns.org/object/2018cgh
Bhttps://www.swift.ac.uk/analysis/xrt/
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range. We checked that the inclusion of the non-thermal component in the fit does not change the
light curve discussed below significantly.

Zwicky Transient Facility (ZTF, Bellm et al. 2019) light curve provides almost continuous
data for this object from mid 20182° and is shown in Fig. 4.10 along with X-ray light curve.

Optical data show a prominent flare which decayed to the quiescent state by the time of the
first eROSITA observation. During this outburst, the galaxy became brighter by a least 1 mag
(i.e. by a factor of 2.5) for at least 200 days, meaning that at the peak of its light curve, the optical
transient event was ~ 150 per cent of the galaxy luminosity. X-ray light curve of eROSITA shows
a gradual rise by a factor of 10 from eRASS 1 (MJD 58800) to eRASS 4 (MJD 59500) and hints
at a decrease in brightness between eRASS 4 and 5. With a new data point from SWIFT, we find
that in the course of the 1.5-year observation gap, the source brightness decreased by a factor of
~ 2 — 3. The peak unabsorbed X-ray brightness corresponds to the 0.3 — 2 keV luminosity of
~ 5.5x10* erg s~'and is delayed with respect to optical emission by at least two years (assuming
optical and X-ray events are related). The X-ray to optical ratio computed between peak values
in each band was Lx /Loy ~ 0.3.

Assuming the black hole mass quoted above (log Mgy ~ 5.8) and ignoring bolometric
correction, we estimate that the source was accreting on at least ~ 8 per cent of Eddington level.
A bolometric correction in the X-ray band using the best fit black body spectrum increases this
number by a factor of ~ 5, to ~ 40 per cent. The decay of the flux between eRASS4 and XRT

observation roughly follows (ﬂ)_s/

- > trend expected for X-ray selected TDEs. We also did not
find the ’infrared echo’ from the NeoWISE light curve?' — no increase in the W1 and W2 flux
was detected.

The X-ray properties such as soft spectrum, large peak luminosity and flare-like light curve
suggest that the source may be a Tidal Disruption event (TDE). The peak luminosity is less than
that of usual X-ray-selected TDEs (Lx > 104 erg s~1, Saxton et al. 2020; Sazonov et al. 2021) but
still noticeably larger than other possibilities — a nova, supernova, flaring star, X-ray binary (inc.
ULX), see Zabludoff et al. (2021) for discussion of *impostors’. The main alternative scenario is
an AGN flare (see Saxton et al. 2012; Auchettl et al. 2018; Neustadt et al. 2020; van Velzen et al.
2021b,a; Zabludoff et al. 2021), especially given that the galaxy has an active nucleus according
to SDSS spectroscopy from 2001. However, a typical AGN flare observed by eROSITA has an
AGN:-like hard X-ray spectrum (Medvedev et al., 2022). This is in line with the conclusion of
Auchettl et al. 2018, that X-ray selected TDEs have a drastically softer spectrum than AGN at
z < 2, and moreover, the spectrum is usually much less absorbed. We conclude that all the so far
collected evidence strongly suggests that we caught a TDE.

Overall, several dozen TDEs active in X-rays have been identified so far, with only a handful
of sources hosted by dwarf galaxies (Maksym et al., 2013; Donato et al., 2014; Maksym et al.,
2014; Lin et al., 2017; He et al., 2021). Optical TDEs are also found in dwarf galaxies, the first
candidate was discovered recently in Angus et al. 2022.

20https://ztf.snad.space/drl7/view/401310100001492, (Malanchev et al., 2023); translated into flux
using the reference ZTF g filter wavelength (4783 angstrom) and AB system zero point 4.76x 10~ erg s~' cm™2 per
angstrom, see this url

ZAgathered with this python package, see Hwang, Zakamska (2020)


https://ztf.snad.space/dr17/view/401310100001492
http://svo2.cab.inta-csic.es/theory/fps/index.php?id=Palomar/ZTF.g
https://github.com/HC-Hwang/wise_light_curves
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Figure 4.10: X-ray (0.3-2.0 keV) and ZTF light curve (g band) of ID 4296/AT2018cgh. The
dashed line shows the expected ~>/3 decline of X-ray luminosity expected from TDE.

There appears to be a dichotomy between X-ray bright and optically bright TDEs (Gilfanov et
al., in preparation) with only some fraction, of the order of ~ 20 per cent, of X-ray bright TDEs
also showing significant optical activity. Many of those active in both bands typically show a time
delay between the peaks of the optical and X-ray emission. Although the full multi-wavelength
picture is still emerging, the delay in ID 4296 seems to be much longer than observed in other
events. It remains to be seen whether the two-year-long delay is related to the properties of the
host galaxy (dwarf with a low-mass black hole) or the parameters of the TDE itself.

The hard X-ray component may come either from the processes within the disrupted star
remains, or be associated with the AGN in this dwarf (as per the SDSS BPT diagram, the galaxy
was active long before eROSITA observations). eROSITA and XRT data are not sufficient to
reliably establish the variability of the hard component.

4.5.2 1D 10487 - AGN with a thermal spectrum in a dwarf galaxy

eROSITA ID 10487 is also one of the three soft sources. It is located in a Seyfert galaxy RGG
123 at z = 0.0395 (168 Mpc), with mass ~ 3 x 10° M. Chilingarian et al. 2018 has the black hole
mass estimation of Mgy = 1.11 £ 0.07 x 10° M. There is a Chandra detection at the position of
the galaxy with Lx = 0.85 X 10%2 erg s~!(Greene, Ho, 2007; Dong et al., 2012; Baldassare et al.,
2017) but without sufficient number of photons to constrain the spectrum — only the photon index
was estimated to be around 3 from the HR ratio (Baldassare et al., 2017). The Chandra data was
taken in 2009-2010.

During eROSITA observations the source was quite bright (eROSITA detected 230 photons)
and soft (I' = 3 = 0.5). The spectrum is well-fit with a BBoDYRAD model with interstellar
absorption, eROSITA spectrum is shown in Fig. 4.11. The temperature is ~ 160 + 15 eV, the
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emission radius is 1 + 0.3 x 10!° ¢cm, the luminosity (0.3-8 keV) is 0.9 + 0.1 x 10** ergs™!,
consistent with the cited works (bolometric correction is small). With the black hole mass quoted
above, we estimate that the source is accreting at ~ 7 per cent of Eddington luminosity. The
multi-colour black body disc model piskBB also fits data well, with a temperature of ~ 240+30 eV
and a smaller radius (by a factor of ~ 2, assuming inclination of 60°). The source has a marginally
significant (~ 2.40°) hard power-law tail — spectral fit with only piskBB component gives C-stat
55.38 for 60 dof; adding a power law with fixed slope I" = 1.9 reduces C-stat to 49.86 for 59 dof.
In further discussion we fit the data without a hard component, doing otherwise does not change
the results within errors. Neither eROSITA nor ZTF?? show evidence of brightness variability
or flares. The apparent stability of luminosity between Chandra and eROSITA observations, and
the lack of faster optical and X-ray variability suggest that this source is not a TDE.

The maximum temperature of the optically thick geometrically thin accretion disc is given by
(Shakura, Sunyaev, 1973)

M ~1/4
KTpax = 11.5 BH 4 eV)
108 M,

where 1 is the accretion rate in terms of critical (Eddington) accretion rate. For the parameters
of ID 10487 (Mgy = 10°, iz = 0.07), this formula gives the temperature of k7' = 30 eV, which is
several times smaller than the values quoted above. The decrease in BH mass by about an order
of magnitude and account for spectral hardening (due to the Compton scattering) helps to explain
the observed temperature.

To put this on a more quantitative footing we fit the data with the GraD (General Relativistic
Accretion Disk model around a Schwarzschild black hole, Ebisawa et al. 1991) model. Assuming
the spectral hardening factor of T, /Te = 2 and inclination angle of 60° we obtain the best-fitting
value of the black hole mass Mgy = 1.0+0.3x10* M, and the mass accretion rate of 2.9+0.5x10%?
g s~!, giving the Eddington ratio of 1.5 + 0.5 (accretion luminosity L = 2 + 0.3 x 10** ergs™!).
The fit provided an adequate description of the data with the C-stat 54.11 for 60 dof.

To summarise, the soft thermal black body-like X-ray spectrum of this source suggests that
we are observing emission from the Shakura-Sunyaev accretion disk, which, thanks to the small
mass of the central black hole emerges in the soft X-ray band. However, the observed temperature
appears to be too high and requires about ~ 10 times less massive black hole, than ~ 1 x 10° M
derived by Chilingarian et al. (2018) from optical spectroscopy.

The observed soft spectrum of this source may resemble the soft excess observed in AGN
(Gierliriski, Done, 2004; Done, 2010; Done et al., 2012). However, the soft excess typically
appears on top of the hard power-law emission usually observed in AGN. For ID 10487, the hard
power-law component seems to be subdominant. All in all, this scenario seems to be less likely
and further investigation of this source in X-ray and optical bands is required to solve the puzzle
of its soft X-ray spectrum.

The third soft source (ID 33862) has only 24 spectral counts, and precise spectral analysis is
hampered. It is located in a radio galaxy FIRST J103837.14+443123 at z = 0.0124 and has X-ray
luminosity ~ 2 x 10’ ergs~!. The photon index is I' = 4.5 + 1.5 and black body temperature

22https://ztf.snad.space/drl7/view/480206200003099
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is kT =110 + 10 eV. The % is only 1.2, but the soft X-ray spectrum cannot be explained by
X-ray binaries. The contribution of the hot gas of ISM is not sufficient to explain the observed
luminosity in the 0.5-2 keV energy range in all three soft sources.

4.5.3 1ID 45689, 11124 and 49241 - peculiar absorbed sources in dwarf
galaxies

ID 45689 is a very luminous source. If the association between the SDSS dwarf (z=0.21) and
the eROSITA source is not a chance coincidence, the dwarf has an obscured nucleus. eROSITA
spectrum is fit with absorbed power law in the form of pPHABS*zPHABS*ZPO, yielding the intrinsic
absorption (zpHABS) of Ny = 1.4f8:§) x 10*2 cm™2. The photon index is fixed at 1.9. The
unabsorbed luminosity is Lx = (1.4 + 0.4) x 10* erg s~!in the 0.3—8 keV band.

To our knowledge, the largest reported luminosity of an AGN in a dwarf galaxy is 10*
ergs~lat z = 2.39 found by Mezcua et al. 2018 (their cid_1192). Clearly, eROSITA found a quite
rare object —in Mezcua et al. 2018; Zou et al. 2023, none of the sources has luminosity above 1043
ergs~'at z < 0.3. The constraints on the bright end of the luminosity functions of active dwarfs
may be important to assess the cosmic evolution of this population to constrain the scenarios of
the AGN triggering and lifetime in low-mass black hole mass regime. eROSITA spectrum for
this source is shown in Fig. 4.11.

ID 11124 is an obscured source (z=0.003493). It is fit in a similar fashion as ID 45689
above yielding intrinsic absorption of Ny = 0.18;8:82 x 10?2 ¢cm~2 and unabsorbed luminosity
of Lx = (1.1 £0.1) x 10* ergs™'. The source seems to be variable: in eRASS 1,3 it has the
X-ray flux of ~ 1.0+ 0.2x 1072 erg s~! cm™2, and in eRASS 2,4,5 the flux is 0.3 +0.15x 10712
(R =4.1). The spectrum and light curve for this source are shown in Fig. 4.11.

ID 49241 is located in a nearby dwarf galaxy NGC 4395. According to eROSITA data, ID
49241 shows a hard spectrum with a photon index I' = 0.2 + 0.3. The galaxy is known to have
an X-ray source in a nucleus and is active (Moran et al., 2005; Nardini, Risaliti, 2011). X-ray
analysis of archival data suggests the presence of variable absorption and changing spectral shape
(Kammoun et al., 2019).

4.5.4 Galaxy pairs

There are several dwarf galaxies and/or eROSITA-SDSS matches excluded from the final list of
X-ray active dwarfs which are located close to another galaxy/galaxies. It is important to note
that we did not perform a systematic search for galaxy pairs, but rather found several examples
via visual inspection of DESI LIS images of each galaxy’s surrounding. Those which we found
will usually have Simbad type of *Galaxy in a Pair of Galaxies’, ’Galaxy in a Galaxy cluster’ or
’Galaxy in a group of Galaxies’.

We show three examples in Fig. 4.12. The galaxy separations reported below are projected
separations and were calculated using the redshift of the Simbad galaxy associated with the
eROSITA source.
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Figure 4.11: X-ray spectra and light curve of a few selected sources discussed individually (ID
10487, 45689, 11124). In the top panel, unfolded eROSITA spectra are shown (rebinned for
clarity). A power-law shape with I' = 2.0 in this plot would be a horizontal line. In the bottom
panel, an X-ray light curve of ID 11124 is shown, as in Fig. 4.3.
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The first example is the dwarf ID 28027 and excluded match ID 28024 (likely a massive
galaxy) which are located in galaxies UGC 4904 and NGC 2798 respectively, with the projected
separation of ~ 40 kpc. NGC 2798, in turn, interacts with galaxy NGC 2799 nearby. It may be
the case that this pair is a rare example of ’dual AGN’.

The second instance is excluded source 15414 in galaxy NGC 5218 separated by ~ 50 kpc
from NGC 5216. The latter coincides with an eROSITA source not reported in this work. The
third example, dwarf 64653, is identified as galaxy UGC 9925, a satellite of NGC 5962 (Mao
et al., 2021) some ~ 80 kpc away. eROSITA sees a few sources near the core of NGC 5962, but
they are not reported in this work.

Other examples of pairs are ID 11387 (30 kpc projected separation, both galaxies active in
X-rays), ID 64321 (6 kpc separation and both active in X-rays), ID 34500 (6 kpc separation), ID
25180 (150 kpc separation), ID 3474 (20 kpc separation). Excluded source ID 29963 is located
in one of the interacting galaxy pair MCG+08-26-012 and 2MASX J14122652+4541254 (16 kpc
separation).

Some objects are located in a galaxy cluster or group, e.g. for dwarf galaxies those are ID
53431 (an X-ray source known before eROSITA), 16640, 2364, 53431 (a known X-ray source) and
32206; and for rejected matches ID 2356, 17032 and 23630. The latter is close to a gravitational
lens candidate, but a follow-up is needed to confirm or exclude this association.

Galaxy mergers are expected to play a significant role in AGN triggering and fuelling mech-
anisms and the corresponding growth of a massive black hole (Mayer et al., 2010; Allevato et al.,
2016). Observational results imply that the AGN activity depends on the separation between
pairs (Satyapal et al., 2014; Fu et al., 2018; Dougherty et al., 2023), including the observation of
rare dual-AGN (McGurk et al., 2015). There is evidence for the different behaviour observed in
absorbed and unabsorbed X-ray AGNs (Guainazzi et al., 2021) with decreasing separations. The
large-scale environment of AGN may play a role in determining the AGN triggering (Hopkins
etal., 2014; Allevato et al., 2016), and sources located in galaxy groups and clusters may aid fur-
ther research in this direction if confirmed as AGN. The systematic search of AGN in interacting
galaxies is within the scope of future research with eROSITA data.

4.5.5 Ultra-luminous X-ray sources candidates

During the visual inspection of sources, we found three cases when eROSITA clearly detects
off-centre X-ray emission in a dwarf galaxy. This happens because the MPA-JHU catalogue
sometimes includes several fibre positions for one galaxy, and the eROSITA source may be
matched with one of them. The sources in question are ID 2387, 27303 and 30593, their optical
images are shown in Fig. 4.13. The sources are removed from the active dwarf catalogue because
they are off-centred (sect. 4.3.1). Note that ULXs may be also responsible for nuclear X-ray
emission of some dwarf galaxies, but these cases are quite difficult to discern from a genuine
AGN based on eROSITA data only. None the less, based on the expected frequency of ULXs,
we do not anticipate that they dominate our sample of 99 active dwarfs.

X-ray spectra of these sources are consistent with the canonical AGN spectrum (see sect.
4.3.2). ID 2387 and 27303 have luminosities of ~ 5 x 10%° ergs~!, and 30593 has a luminosity
of ~ 10% ergs!.
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ID 28024 (excluded, top)

#D 28027 (dwarf) ID 15414 (excluded) * ID 64653 (dwarf)

Figure 4.12: As Fig. 4.1, but for three examples of identified X-ray sources in galaxy pairs, see
sect. 4.5.4.

Figure 4.13: As Fig. 4.1, but for ULX candidates in the outskirts of dwarf galaxies, see sect.
4.5.5.
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ID ‘ Peculiarity
Dwarf galaxies

4296 | TDE cand. (sect. 4.5.1)
10487 | Soft state AGN (sect. 4.5.2)
45689 | Obscured AGN (sect. 4.5.3)
28027 | Gal. pair (with 28024)
11387 | Gal. pair
64321 | Gal. pair
34500 | Gal. pair
64653 | Gal. pair
25180 | Gal. pair
3474 | Gal. pair
53431 | In group
32206 | In group
2364 | In group
16640 | In cluster
Excluded sources
2387 | ULX cand. (sect. 4.5.5)
27303 | ULX cand. (sect. 4.5.5)
30539 | ULX cand. (sect. 4.5.5)
28024 | Gal. pair (with 28027)
15414 | Gal. pair
29963 | Gal. pair
23630 | Grav lens.?
2356 | In group
17032 | In group

Table 4.1: List of individually discussed/mentioned sources (sect. 4.5)

Ultra-luminous X-ray sources, ULX, (Fabbiano, 1989; Swartz et al., 2004; Kaaret et al., 2017;
Fabrika et al., 2021; King et al., 2023) is a kind of an X-ray object which has luminosity over
10* erg s~!(an Eddington luminosity of 10M object) and is not (usually) located at the centre
of its host galaxy. About 1800 ULX candidates are known so far (Walton et al., 2022). It is
suggested that intermediate-mass black holes (IMBH) or super-critically accreting pulsars may
be responsible for the phenomena. Even though our search is not a substitute for a systematic
ULX survey, the three ULXs found may present a useful sample for the population studies of this
kind of object. Itis observed that the ULX populations depend on the galaxy morphological type,
metallicity, mass and star formation rate (Kovlakas et al., 2020), with dwarfs hosting more ULXs
than expected from their SFR (Walton et al., 2011; Plotkin et al., 2014; Kovlakas et al., 2020).
Further discussion is much beyond the scope of this chapter. None of our three ULX candidates
are found in the catalogue of 1800 ULX candidates of Walton et al..
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4.6 Conclusion

We performed a systematic and rigorous search for X-ray signatures of accreting massive black
holes in dwarf galaxies from the MPA-JHU catalogue (based on SDSS data). We used the data
from the SRG/eROSITA all-sky survey in the Eastern galactic hemisphere. In total, we found
178 matches between the eROSITA source catalogue and low mass galaxies (M, < 10°°My) in
the MPA-JHU catalogue. We estimate the number of spurious matches as ~ 17 per cent. The
initial matches between X-ray sources and dwarf galaxies were conservatively cleaned to achieve
high purity of the final catalogue of X-ray active dwarf galaxies, including the removal of quasars
and massive galaxies (sect. 4.3.1). As a result, we presented a catalogue of 99 dwarf galaxies
with nuclear X-ray activity. Only 14 sources were reported as possible active dwarf candidates
in previous studies (sect. 4.4.2).

We performed a detailed analysis of the X-ray properties of objects, including spectral and
variability studies (sect. 4.3.2). We estimate the contribution from X-ray binaries and the hot
ISM gas to the observed X-ray emission to find that the majority of sources (82/99) are in fact
strong candidates for being an AGN in the dwarf galaxy (sect. 4.3.3).

We discussed the host galaxy properties of selected sources (sect. 4.4). Emission line diag-
nostics proposes that almost all sources are star-forming galaxies, emphasising the importance of
X-ray surveys for discovering low-luminosity AGN in low-mass galaxies (sect. 4.4.3). Assuming
a relationship between galaxy stellar mass and the mass of the central black hole we estimate that
the bulk of sources are accreting at around 1 per cent of the critical accretion rate (sect. 4.4.3).

We estimate the fraction of dwarfs with active nuclei (sect. 4.4.4). We find that the occupation
fraction of dwarfs with AGN falls with increasing X-ray luminosity and spans from ~ 0.01 — 2
per cent. The AGN fraction increases with host mass, at least for luminosities above 10*° ergs~!,
from ~ 0.2 per cent to ~ 1 per cent between 8 < log M, < 9 and 9 < log M, < 9.5. We discuss
possible selection effects affecting the measured occupation fraction. The measurements of AGN
fraction impose a lower limit on the occupation fraction of dwarf galaxies with central black
holes.

We present the catalogues with optical and X-ray properties of all 99 X-ray active dwarf
galaxies (Appendix C.1, Table C.1). We also present the list of matches which were rejected in
the course of the cleaning procedure (Appendix C.2).

We serendipitously discovered several interesting sources. A prominent object is a transient
eROSITA source coinciding with a known optical transient. The X-ray spectral shape and
variability suggest that this source may be a tidal disruption event hosted by an active dwarf
galaxy at z = 0.048. This is a novel addition to a few known TDEs in dwarf galaxies selected in
X-rays and optical wavelengths.

Another source with a soft X-ray spectrum is fit with thermal emission with a black body
temperature of 160 eV. The source spectrum suggests a disc-dominated state of an accreting
massive black hole, however, the X-ray spectral fit requires almost an order of magnitude less
massive black hole, than inferred from optical spectroscopy.

A few sources with hard spectra are found to be of an obscured nature. One of those is a
very luminous and relatively close AGN rivalling the luminosity record holder in dwarf galaxies.
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Another obscured source is variable in X-rays on the time scale of 6 months.

We found an array of dwarf galaxies (as well as eROSITA sources from the excluded list of
galaxies) which are located in galaxy pairs, groups and clusters. The found projected separations
span from ~ 5 to ~ 150 kpc and contain four examples when the X-ray source is visible in
both galaxies in a pair. 6 sources are located in compact galaxy groups or clusters of galaxies.
In future, a complete eROSITA sample of this kind of object may give important information
towards the AGN triggering mechanisms.

We report three ULX (Ultra-luminous X-ray sources) candidates found in three dwarf galaxies.
These sources will allow us to better populate the low-mass regime of the vast ULX population
and better study the environmental dependencies of the occurrence of this type of object.

This chapter concludes the first part of the thesis. In the next part, we will study accreting
neutron stars — X-ray pulsars. The interaction of matter, radiation and magnetic field in these
extreme objects can produce a very complicated geometry of accretion flows. We attempt to use
reprocessed X-ray radiation to study the geometrical configurations of two X-ray pulsars. The
following chapter is devoted to X-ray pulsar V 0332+53.
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Accreting neutron stars






CHAPTER 5

Pulsating iron spectral features in the emission of X-ray pulsar
V 0332+53

The contents of this chapter are based on the manuscript originally published in Bykov et al.
(2021). My contribution to that paper was the data analysis, interpretation and paper writing.
All other authors (especially M. Gilfanov and E. Filippova) contributed to the data interpretation
and writing and provided me with advice on the data analysis.

Abstract

We present results of phase- and time-resolved study of iron spectral features in the emission
of the Be/X-ray transient pulsar V 0332+53 during its type II outburst in 2004 using archival
RXTE/PCA data. Coherent pulsations of both fluorescent iron line at =~ 6.4 keV and neutral iron
K-edge at ~ 7.1 keV have been detected throughout the entire outburst. The pulsating iron K-edge
is reported for the first time for this object. Near the peak of the outburst, the 3—12 keV pulse
profile shows two deep, Fax/Fmin ~ 2, and narrow dips of nearly identical shape, separated by
exactly A¢ = 0.5 in phase. The dip spectra are nearly identical to each other and very similar in
shape to the spectra outside the dips. The iron K-edge peaks at the phase intervals corresponding
to the dips, although its optical depth ¢ ~ 0.05 is by far insufficient to explain the dips. The iron
line shows pulsations with a complex pulse profile without any obvious correlation with the total
flux or optical depth of the K-edge. Accounting for the component associated with reprocessing
of the pulsar emission by the surface of the donor star and circumstellar material, we find a
very high pulsation amplitude of the iron line flux, Fiax/Fmin ~ 10. We demonstrate that these
properties of V 0332+53 can not be explained by contemporary emission models for accreting
X-ray pulsars and speculate about the origin of the observed iron spectral features.

5.1 Introduction

Be/X-ray binaries (BeXRBs) are binary systems harbouring a neutron star and a fast-spinning
early-type star with an equatorial circumstellar disc (Reig, 2011). Such objects are known for
their transient behaviour in X-rays and show two types of outbursting activity (Reig, 2011). Type
I outbursts happen periodically when the neutron star passes a periastron of its eccentric orbit
(Okazaki et al., 2002), with the maximum luminosity reaching up to 10*’ergs~!. On the other
hand, giant (Type II) events are rare, not related to any orbital phase and much brighter than Type
I (achieving or even surpassing the Eddington luminosity limit for a neutron star ~ 103 ergs™!).
The origin of giant outbursts is not exactly known and is probably related to mass ejection events
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from the companion star (Okazaki, Negueruela, 2001). Due to the large range of observed
luminosities during type II outbursts, these objects permit exploring the accretion flow’s structure
around magnetised neutron stars in a broad range of mass accretion rates. Examining the matter
distribution close to the neutron star allows for the study of the interaction of matter with high
magnetic and radiation fields near the pulsar and the shape of the accretion structures formed as
a result of this interaction. Besides, the accretion regimes may change with luminosity, which, in
turn, leads to the changes in beaming patterns of the X-ray emission from the accreting neutron
star (e.g. Basko, Sunyaev, 1976). Such changes directly affect what an observer sees, hence
serving as a probe of the complex physics of magnetised accretion.

In binary systems, some fraction of the primary X-ray emission may be intercepted by the
surrounding relatively cold matter which leads to the appearance of the reprocessed emission.
This emission, in particular fluorescent iron K, (2P-1S) line, can serve as a powerful tool to
study the spatial distribution and ionisation state of the material around the X-ray sources (Basko
et al., 1974; Inoue, 1985; Makishima, 1986; Fabian et al., 1989; George, Fabian, 1991; Gilfanov
et al., 1999; Gilfanov, 2010; Tsygankov, Lutovinov, 2010; Giménez-Garcia et al., 2015; Aftab
et al., 2019). The energy of this line is = 6.4 keV for neutral and low-ionized iron atoms and
increases up to = 7 keV for H-like iron, whilst the corresponding K-absorption edge energy varies
between ~ 7.1 and ~ 9 keV respectively. Iron has a large fluorescent yield (~30% for low-ionized
ions) and its K, line energy falls in the standard X-ray band, i.e. within the sensitivity range
of a plethora of X-ray instruments. The flux, equivalent width (EW) and shape of the iron line
depend on the relative location of the X-ray source and the reflecting medium, its area, density,
kinematics and ionisation state. For example, significant progress has been made by applying
the ’iron line tomography’ to the High-Mass X-ray binaries (HMXB) (e.g. Nagase et al., 1992;
Day et al., 1993; Giménez-Garcia et al., 2015; Aftab et al., 2019) as well as low mass X-ray
binaries (Gilfanov et al., 1999, 2000; Churazov et al., 2001). In HMXB X-ray pulsars, the list
of candidates for the fluorescent emission production sites includes all main components of the
accretion flow: the accretion column, the accretion stream, the Alfven surface (shell), accretion
disc, the stellar wind material, as well as the surface of the massive donor star itself (e.g., Inoue,
1985).

In some HMXB pulsars, the equivalent width of the iron line was shown to vary with the
rotational phase of the neutron star. Among others, the pulsating iron line was detected in LMC
X-4 (Shtykovsky et al., 2017), Cen X-3 (Day et al., 1993), GX 301-2 (Liu et al., 2018; Zheng
et al., 2020), Her X-1 (Choi et al., 1994) and 4U 1538-522 (Hemphill et al., 2014). Interestingly,
none of these sources is a BeXRB.

Several models were proposed to explain these variations. It was suggested that variations in
the line equivalent width may be caused by the variations in time of the observed columns density
of the cold material in the vicinity of the neutron star (e.g. Inoue, 1985; Leahy et al., 1989, and
references therein). On the other hand, the pulsating nature of the iron line may indicate that the
matter is not distributed symmetrically around the pulsar. In this case, the irradiating flux from
the primary varies with the rotation of the pulsar (Inoue, 1985; Day et al., 1993). Shtykovsky
et al. (2017) used phase-resolved spectroscopy to study LMC X-4 and concluded that the iron line
emission possibly comes from the hot spot on the accretion disc. Studying changes in the emission
pattern during the eclipses of the HMXB pulsar Cen X-3 Nagase et al. (1992) found that the 6.4
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keV line must be produced fairly close to the neutron star and obtained an upper limit for the
distance between the fluorescent matter and the X-ray source of ~ 1 It-sec (light second). Later,
Kohmura et al. (2001) proposed for this source that the reprocessing site is the accreting matter
flowing along the magnetic field lines at the distance of ~ 1.7 x 10® cm from the neutron star.
Sanjurjo-Ferrin et al. (2021) propose the accretion stream in Cen X-3 as a source of reprocessed
neutral iron. Similarly, in GX 301-2 Liu et al. (2018) detected transient pulsations of iron line
flux, suggesting that the reprocessing medium might be the accretion stream or the secondary’s
surface. On the other hand, Zheng et al. (2020) argued that the size of the emission region in this
pulsar varies in the range of ~ 0—40 light seconds, with the average values consistent with the
distance from the pulsar to the accretion stream from the secondary star. Endo et al. (2002) found
that some fraction of the iron line emission in GX 301-2 originates in the accretion column itself.
Recently Yoshida et al. (2017) proposed that the modulation of the iron line intensity may be due
to the finite speed of light, and the effect is determined by the size of the reprocessing region.

An important clue for the origin of the iron line may be provided by its evolution during
outbursts of transient pulsars. However, the evidence is still incomplete and controversial. In
4U 0115+63, Tsygankov et al. (2007) found that the equivalent width of the iron line decreases
with the declining luminosity of the pulsar, which was interpreted as the decrease of the solid
angle of the reprocessing material as seen by the primary emission source. For 1A 1118-615, on
the contrary, it was shown that the equivalent width of the line was constant during the type II
outburst (Nespoli, Reig, 2011).

A promising and so far unexplored venue is the spectroscopy of the iron absorption K-edge.
Recently, Yoshida, Kitamoto (2019) proposed the accretion stream from the inner disc onto pulsar
(the accretion curtain) as a source of low-ionised fluorescent emission based on the dynamics of
iron K-edge absorption in Vela X-1, GX 1+4 and, possibly, in two other pulsars. Their arguments
were based on the variations of the K-edge depth as well as the presence of dips in the observed
count rate (flux) of the sources related to the eclipse of the emitting region by the accretion
column. They suggested that the matter captured by the magnetic field which co-rotates with
the neutron star can produce the observed variability in K-edge absorption optical depth. To our
knowledge, this is the first and so far the only detection of the variability of the iron absorption
edge in accretion-powered X-ray pulsars.

Thus, a wealth of information is provided by the X-ray spectral features associated with
iron absorption and fluorescence. This information may help to constrain the geometry of the
accretion column, accretion flow and surrounding material and shed further light on the emission
mechanisms in accreting X-ray pulsars. In the present chapter, we analyse the behaviour of iron
spectral features in Be/X-ray HMXB pulsar V 0332+53 during its type II outburst in 2004.

System V 0332+53

The luminous transient X-ray pulsar V 0332+53 was discovered in 1973 during its bright outburst
with a peak intensity of ~ 1.4 Crab! in 3—12 keV energy band (Terrell, Priedhorsky, 1984). The
pulsation period of ~4.4 s and parameters of orbital motion (orbital period of ~ 34 days and

11 Crab is approx 2.4 x 108 erg s~' cm™2
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eccentricity of ~0.3) were determined later, during the next less prominent outbursts in 1983-
1984 (Stella et al., 1985). The optical counterpart was found to be an O8-9Ve star BQ Cam
(Honeycutt, Schlegel, 1985). Another outburst of the source was registered in 1989 (Makishima
et al., 1990). The significant cyclotron resonance scattering feature (CRSF) at the energy 28.5
keV was detected, which allowed estimating the magnetic field strength to be around ~ 2.5 x 10'?
G.

Based on the optical properties of the source the distance to the system was initially estimated
to be ~ 7 kpc (Negueruela et al., 1999). More recently, Rouco Escorial et al. (2019) and Arnason
et al. (2021) used Gaia DR2 measurements and derived the distance of 5.1“:%:% kpc and 5.1t?'.%
respectively. We thus note that the majority of initial studies of V 0332+53 adopted the distance
of 7 kpc and therefore overestimated the source luminosity by a factor of ~2, if the true distance
to the pulsar is ~ 5 kpc. In this work, we adopt the Gaia distance of 5.1 kpc.

The next major outburst of V 0332+53 occurred in 2004 and was fully covered by RXTE
observations. Two CRSF harmonics we detected in the source spectrum, which showed complex
evolution in time and with luminosity (see e.g., Kreykenbohm et al., 2005; Tsygankov et al.,
2006, 2010; Lutovinov et al., 2015). The observed anti-correlation between the CRSF centroid
energy and luminosity during the outburst can be understood either as the changing height of the
accretion column (Tsygankov et al., 2006; Mushtukov et al., 2015a), or as a result of reflection
of the accretion column emission from the surface of the neutron star (Poutanen et al., 2013;
Lutovinov et al., 2015; Mushtukov et al., 2018). The behaviour of the iron line emission was
studied succinctly in Tsygankov, Lutovinov (2010). They reported the modulation of iron line flux
and equivalent width with the rotation of the pulsar. They also found long-term variability of the
equivalent width of the iron line which seemed to correlate with the orbital phase and tentatively
interpreted this fact as fluorescence of the material at the surface of the optical companion or its
circumstellar disc.

The most recent giant outburst of the source took place in 2015, followed by a mini-outburst
in 2016 (Cusumano et al., 2016; Tsygankov et al., 2016; Baum et al., 2017). In Doroshenko et al.
(2017); Vybornov et al. (2018) it was found that the above-mentioned anti-correlation between
CRSF energy and luminosity breaks at low fluxes, suggesting the change in accretion regimes
(from super- to sub-critical, see Basko, Sunyaev, 1976; Mushtukov et al., 2015b). Based on all
observational data up to 2015, Doroshenko et al. (2016) obtained the orbital solution of the pulsar
which we use in this work (Table 5.1). The evolution of the rotational frequency of V 0332+53
with luminosity proposes that the pulsar is accreting from the disc (Doroshenko et al., 2016;
Filippova et al., 2017) and not the wind.

The goal of the present chapter is to utilise the information provided by the spectral features
of iron to study the structure of the accretion flow in the vicinity of the neutron star as well as the
overall distribution of the circumstellar material in the system V 0332+53. The chapter is based
on RXTE observations of the type II outburst of the source in 2004. The chapter is structured
as follows. The details of RXTE data reduction are presented in sect. 5.2. In sect. 5.3.1 we
investigate the evolution of the flux and equivalent width of the iron line and of the depth of
its K-edge on the time-scales of the outburst. The pulse-phase-resolved modulations of the iron
line and K-edge parameters are studied in sect. 5.3.3. In sect. 5.4 we discuss our results and
constrain the location of the material responsible for absorption and emission features in the
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Table 5.1: Orbital parameters of V 0332453 (Doroshenko et al., 2016)

Parameter Value

Py - orbital period 33.850(1) days
a sin(i) - semi-major axis projection on the line of sight 77.81(7) 1t s

e - eccentricity 0.3713(8)

w -longitude of periastron 277.43(5) deg
Tpa - periastron time passage MIJD 57157.88(3)

source spectrum. Our conclusions are summarised in sect. 5.5

5.2 Observations and data analysis

During its 2004-2005 type II outburst, V 0332453 was monitored by Rossi X-ray Timing Explorer
(RXTE) observatory, covering all phases of the outburst. In this work, we use all available
RXTE/PCA (Proportional Counter Array) spectrometer data between MJD 53336 and MJD
53440, 97 observations in total from proposals 90014, 90089, and 90427.

RXTE/PCA spectrometer (Jahoda et al., 1996) is an array of five proportional counters
sensitive in the energy range 3-60 keV. It has a total collecting area of 6400 cm? (for all 5 units)
and 20% energy resolution at 6 keV (depending on the energy binning of configurations). We
reduced RXTE/PCA data following the RXTE cookbook? with the standard FTOOLS/HEASOFT
v 6.24 package. Observation-averaged spectra were extracted from the top layer of PCU2 detector
(the best calibrated one) in Standard2 data mode, the additional systematic error of 0.25% was
added on all channels due to uncertainties in the telescope’s response (Garcia et al., 2014). All
spectra were fit with xspec package (Arnaud, 1996) using y? statistics.

There were 72 observations that had data configuration appropriate for phase-resolved spec-
troscopy in the energy range 3—12keV (E_125us_64M_0_1s,B_16ms_{46M_0_49_H;64M_0_249}.
The time of arrival of photons was corrected to solar system barycentre, and the Doppler shift
due to orbital motion of a pulsar in the binary was corrected for using orbital parameters from
Doroshenko et al. (2016) (see Table 5.1). In the phase-resolved analysis, photons were folded
into 16, 12 or 8 phase bins using FAseBIN FTOOLS/HEASOFT task. In the last four observations
(90014-01-08-(00-03)), pulsations were not detected, and correspondingly no phase-resolved
analysis was performed.

All but three observations during the rising part of the outburst (up to MJD 53360) had
E_125us_64M_0_1s configuration (the remaining three were in B_16ms_64M_0_249 data mode).
Between MJD 56383 and 53403 (the declining part of the outburst) the data suitable for phase-
resolved spectroscopy had B_16ms_46M_0_49_H configuration, and after MJD 53403 it had
E_125us_64M_0_1s data mode again. Unfortunately, the E_125us_64M_0_1s configuration in
PCU?2 has a corrupt channel 10 covering ~ 6.14—6.54 keV energy range, which registers no pho-
tons. As these energies are of primary interest for our study we had to exclude observations made

2https://heasarc.gsfc.nasa.gov/docs/xte/recipes/cook_book.html
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Figure 5.1: The ratio of data to exponentially cutoff power-law in the time-averaged spectra of
two observations (90089-11-05-08G, MJD 53365.3 and 90427-01-03-00, MJD 53384.4).

in this configuration from phase-resolved spectroscopy of the iron line. In phase-resolved spectra,
a systematic error of 0.4% was added to all channels. The systematic error differs from the one
used in Standard2 mode because the data from all three layers of active PCUs were gathered into
one event file in these configurations (B_16ms_46M_0_49_H and B_16ms_64M_0_249).

Observations with similar pulse profiles and the same configuration/detectors were combined
using FBADD task, and their phase-resolved spectra were combined with ADDSPEC script (see sect.
5.3.3 for details about groups).

All that leaves us with 30 observations and 8 groups where we performed phase-resolved
spectroscopy.

5.3 Results

5.3.1 Light curve and long-term spectral evolution

Tsygankov, Lutovinov (2010) reported the presence of a strong iron emission line (EW~ 60— 100
eV) in the spectra of V 0332+53. To corroborate this result we plot the ratio of the source spectra
obtained in two observations around MJD 53365.3 and 53384.4 to the best-fitting model of a
power-law with exponential cutoff (Fig. 5.1). The plot reveals a strong emission feature at ~ 6.4
keV as well as a depression in the spectrum near ~ 7 keV which resembles the behaviour observed
in black hole X-ray binaries (e.g. Gilfanov et al., 1999). Similar to the latter, these features can be
associated with the fluorescent K-« line and absorption K-edge of low-ionized iron and, possibly,
the lower energy part of the Compton reflection bump.
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To quantitatively describe iron spectral features we use a model consisting of a power-law
with exponential decay (cutorrpL in XspPEC package), a Gaussian emission line (Gauss) and
the absorption edge (EDGE), xsPEC formula EDGE*(cUTOFFPL+GAUSS). The line centroid and the
energy of the edge were fixed at 6.4 keV and 7.112 keV, respectively. The broadband spectral
shape of V 0332+53 is rather complex and to facilitate the description of the continuum with a
simple model with a minimal number of free parameters, we decided to limit the energy range
for spectral analysis to 3—12 keV.

Making the line centroid energy a free parameter of the fit (model cCUTOFFPL+GAUSS), its
best-fitting values varied in the ~ 6.35-6.45 keV range. From our experience, this is within the
accuracy of the PCA instrument in measuring the centroid energy for the iron line. On the other
hand, by fixing the line energy at 6.4 keV and making the energy of the edge a free parameter of
the model, we obtained the edge energy consistent with the value of 7.1 keV in all observations.
This justifies our choice to freeze these parameters at values expected for the neutral iron.

In HMXBs, emission lines of Fe XXV and Fe XXVI are often observed (Aftab et al., 2019),
which can not be resolved at the PCA energy resolution. Unfortunately, no useful CCD data
is available for this outburst of V 0332+53. An XMM-Newton observation during the 2015
outburst is quite heavily piled up. However, the consistently good agreement of the line centroid
and position of the K-edge with the values expected for neutral iron in all analysed PCA data
suggests that the contribution of heavily ionized iron is not significant in this source.

Equivalent hydrogen column density in this source was measured to be of the order of
Ny ~ 102 cm™2 (Tsygankov et al., 2016; Doroshenko et al., 2017). Fixing Ny at this value in the
spectral fitting lead to poor fit quality with significant deviations at lower energies. Making Ny
a free parameter of the fit results in the best-fitting values in the ~ (0.2-0.5) x 10*?> cm~2 range
with some variations throughout the outburst. Although some local absorption by circumbinary
material is, in principle, possible in a binary system like V 0332+53, insufficient low energy
coverage of PCA instrument and systematic uncertainties in its energy response at the low energy
end do not permit us to make any reliable statement about the value and time evolution of Ny.
Therefore we chose to exclude interstellar absorption from the spectral model. This does not affect
the best-fitting parameters of the continuum model in any significant way. However, absorbing
column with Ny ~ 10?2 cm~2 and cosmic abundance of iron should produce the iron K-edge with
the optical depth of ~ 0.007-0.015, with the exact value depending on the cross-section models
and assumed abundance on iron along the line of sight in the direction toward V 0332+53. This
value is comparable, within a factor of ~ 2-3, with the measured value of the K-edge depth.
However, we clearly see variations of the iron K-edge depth, long-term, throughout the outburst,
and short-term, on the time-scales corresponding to the rotation period of the neutron star (Section
5.3.3). This leaves no doubts that most of iron K-edge absorption observed in the spectrum of
the V 0332+53 originates in the source itself and not in the interstellar medium (ISM).

In our fits, the spectral width of the line was poorly constrained but had a value typically
~ 0.3 £ 0.1 keV. Therefore we fixed the width at 0.3 keV, a value similar to the results of
Caballero-Garcia et al. (2016); Baum et al. (2017). With applied systematic errors (sect. 5.2)
majority of spectra have an acceptable reduced chi-square value (the mean value of ~ 1.1 for 16
dof) However, a few spectra have large values of the reduced chi-square, sometimes exceeding
~ 2. Inspection of these spectra showed that large residuals are observed at the energies below
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< 5 keV. The deviations of data from the model have positive as well as negative signs and can
not be universally fixed varying the low energy absorption. Based on our experience of working
with PCA data we believe that, most likely, they are related to some calibration uncertainties of
the PCA instrument.

Throughout this chapter, all confidence intervals for spectral parameters are calculated for 68%
(10) confidence level (cl), and upper limits are 90% cl. Table D.1 presents the observation log,
configuration and grouping used in phase-resolved spectroscopy, and results of the observation-
averaged spectral analysis — reduced chi-square value for the model described above, the 3—12
keV model flux and the value of the equivalent width of the iron line, as well as its intensity.

Fig. 5.2, panel A shows the evolution of the 3—12 keV flux and the iron line flux during the
outburst. The outburst started approximately on MJD 53340 (2004 December 1), achieved its peak
flux of 3.5 x 1078 erg s™' cm™2 about 20 days later and then started its gradual decline followed
by a fairly sharp drop at the end of the outburst around MJD 53430, after which observations of
the source were finished. At the end of the outburst, the iron line flux declined faster than the
continuum flux, and the line was undetectable in the last six observations.

In Fig. 5.2, panel B the variation of the equivalent width of the iron line with time during the
outburst is shown. At the beginning of the outburst, the equivalent width had a value of ~ 65 eV
and started to grow until it reached ~ 90 eV at the peak of the outburst. After that, the value of the
equivalent width declined to ~ 70 eV until it grew again up to ~ 80 eV in ~ 10 days. At the end
of the outburst, the value returned to the initial value of ~50-60 €V. There is a ’cut-off” at the end
of the outburst, where the equivalent width drops (EW< 60 €V) in a matter of ~ 5 days. As the
equivalent width of the line depends on its assumed spectral width (in our case fixed at 0.3 keV),
we also obtained spectral fits for smaller (0.2 keV) and larger (0.4 keV) line widths. We found, as
expected, that although this changes slightly the absolute value of the line EW, the overall shape
of the EW curve is not affected by the moderate changes in the line width.

In Fig. 5.2, panel B one can see a hint of periodic variations of the line EW with the period
of ~ 30 days, consistent with the orbital period of the binary system. This behaviour was earlier
reported by Tsygankov, Lutovinov (2010). It could be related to the orbital motion of the system
if, for instance, the reprocessing matter was located near the optical companion of the pulsar. In
Fig. 5.2, panel B we plot by the dashed line the line-of-sight projected distance from the neutron
star to the centre of the companion star. As one can see, the peaks of the line EW roughly coincide
with the moments in time when the distance to the companion star is minimal. This suggests that
some fraction of the iron line originates on the surface of the donor star or in the material located
near it. This will be further discussed in Section 5.4.

We report for the first time variability of the depth of the iron K-edge with time (Fig. 5.2, panel
C). At the beginning of the outburst, the iron K-edge was not detected in individual observations
with the 90% upper limits typically in the ~ (0.5-1) x 1072 range. Around the peak of the
outburst, the K-edge optical depth was approximately constant at the level of ~ 0.015 —0.02, and
started to decline after MJD 53380 becoming undetectable again after MJD 53390 with the upper
limit of ~ (0.5 — 1) x 1072, However, after ~ MJD 53420, approximately after apastron passage,
the optical depth of the K-edge increased significantly within about five days to ~ 10 x 1072
level and then appeared to drop again, although the upper limits are not constraining to fully
characterise its behaviour. Interestingly, the iron line was not detected when the K-edge was the
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Figure 5.2: Panel A: The light curve of V 0332+53 in 2004-2005 outburst. The 3—-12 keV flux
in units of 1078 erg s™' cm™? is shown as red circles, while the flux of the iron K,, line in units
of 1073 phot cm~2 s~! is presented by green squares. Horizontal black solid lines indicate the
observations during which phase-resolved spectroscopy was carried out. Panel B: The evolution
with time of the equivalent width of the iron K, line (cyan circles). The line-of-sight projected
distance between the pulsar and the optical companion is plotted with a red dashed-dotted line.
The solid cyan line shows the approximation of EW data with the model described by eq. 5.4,
see sect. 5.4 for discussion. Panel C: Optical depth of the iron K-edge (red squares). Panel D:
Morphology of pulse profiles in the 3—12 keV energy band. Cyan dots demonstrate the quantity
R = (Fimax — Fmin)/Fmin for the 3—12 keV pulse profile, and yellow dots show the same but for
iron line flux (see sect. 5.3.3). Horizontal lines with the text present an approximate classification
of pulse profiles into morphological types (see the description in sect. 5.3.2). For reference, the
3-12 keV flux in units 1073 erg s™' cm™2 is shown by grey circles in panels B,C,D.
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Figure 5.3: Pulse profiles in the 3—12 keV energy range at different stages of the outburst. Panel
A shows a single-peaked pulse profile at the beginning of the outburst. The pulse profile shown
in panel B was obtained near the peak and displays two strong and narrow dips. Panels C, D and
E show the subsequent evolution of the pulse profile during the declining phase of the outburst.
Finally, in panel F, near the end of the outburst, the pulse profile had a complex shape, seemingly
double-peaked. The individual pulse profiles are not synchronised in phase, but shifted to have
the main minimum at phase 0.

deepest. We note that the K-edge depth expected from the interstellar absorption appears to be
somewhat higher than the upper limits shown in Fig.5.2, panel C. This disagreement may be a
result of calibration uncertainties of RXTE/PCA or related to deviations of the iron abundance
from the adopted value, as discussed earlier in this section.

5.3.2 Evolution of the pulse profile

For each observation with sufficient time resolution (configurations B_16ms_64M_0_249, B_16ms_46M_0_49
E_125us_64M_0_1s) we measured the pulsation period and obtained binary-motion corrected
pulse profiles of counts rate in 3—12 keV energy band 3.

3All pulse profiles, phase-resolved spectra best-fitting parameters (including photon index, cutoff energy and
reduced chi-square value) can be found at https://github.com/SergeiDBykov/v0332p53_materials as well
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In the description below we use luminosities measured in the broad energy range 3-100 keV
in Tsygankov et al. (2010); Lutovinov et al. (2015), but assuming 5 kpc distance.

The evolution of the shape of the pulse profile followed the pattern typical for transient
accreting X-ray pulsars, with complex evolution of pulse profiles in time as described below. Such
behaviour has been reported in several pulsars (Tsygankov et al., 2010; Koliopanos, Gilfanov,
2016; Tsygankov et al., 2018; Wilson-Hodge et al., 2018; Lutovinov et al., 2021) and predicted
theoretically as a result of the switch of the emission diagram from a pencil beam to fan-shaped
beam due to the changes in accretion regime (Gnedin, Sunyaev, 1973; Basko, Sunyaev, 1976;
Mushtukov et al., 2015b), although the detailed picture is still debated (e.g. Mushtukov et al.,
2018).

At the beginning of the outburst (MJD 53340-50), single-peaked 3—12 keV pulse profiles were
observed in virtually every observation. A representative pulse profile of this type is shown in Fig.
5.3, panel A. The pulse profile in this energy range had one broad and somewhat asymmetric peak
followed by a similarly broad smooth minimum, the pulsed fraction* was ~ 5%. In Tsygankov
et al. (2010) it was shown that the pulse profiles in V 0332+53 depend on the energy range, and
in harder channels may become double-peaked (e.g. 8—14 keV profile at the rising phase of the
outburst is double-peaked). The pulse profile also changes dramatically near the cyclotron line
energy (Tsygankov et al., 2010, fig. 6). These aspects of V 0332+53 have been the subject of
detailed studies previously (Tsygankov et al., 2006, 2010) and not repeated here.

The transition to the double-peaked profile occurred during the data gap between MJD 53345-
53350 at the luminosity level of ~ 103 ergs~!. Near the maximum of outburst, at MID 53350
— 53360, double-peaked profiles had two strong narrow dips and flat maxima, with the pulsed
fraction of nearly ~ 30%, separated in phase by A¢ ~ 0.5 (Fig. 5.3, panel B). Interestingly, in
two observations 90089-11-04-(03,04) (MJD 53358.8 and 53360.0) pulse profiles had the two
dips with the same depth which may suggest some saturation or a full eclipse of the accretion
column and the neutron star (see discussion in Section 5.4). The peaks were also fairly equal in
flux. Later in the outburst, after the timing data gap in MJD 53360-53385, the breadth of the dips
increased and the symmetry between the two peaks (and dips) disappeared (Fig. 5.3, panels C, D,
E). The pulsed fraction returned to the initial ~ 5%. The shape of the pulse profile evolved in a
complicated manner with its complexity increasing (e.g. Fig. 5.3, panel F) towards the end of the
outburst, until luminosities as small as ~ 1/30 of the peak luminosity. As we did not detect the
transition from the double-peaked pulse profile to the singe-peaked one at the end of the outburst,
we can conclude that the singe->double-peaked pulse profile transitions happen at very different
luminosities in the beginning and the end of the outburst (hysteresis behaviour).

We summarise the main features of the pulse profile evolution in Fig. 5.2, panel D where
show the behaviour of the modulation amplitude R = Fiy,x/ Finin — 1 and describe the morphology
of the pulse profile at different stages of the outburst.

as in the online materials on MNRAS website.
“pulsed fraction, PF, defined as PF = % where Fiax/min 1S the maximum/minimum value of flux found
in a pulse profile.
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Figure 5.4: Pulse phase dependence of parameters of the phase-resolved spectra for different
groups of observations. See Table D.1 for the definition of data groups. On each panel (A, B,
C, D) we plot the pulse profile of the flux (3—12 keV) with a dotted black histogram on each
sub-panel, the flux of the iron line (green histograms, top sub-panel) and its equivalent width
(blue histograms, lower sub-panel), and the optical depth of the iron K-edge as a function of phase
(red histograms, bottom sub-panel). Panel A shows the group I, the near-maximum part of the
outburst (MJD 53350-60). Panel B, C, D show groups II, IV and VI from the declining part of
the outburst (MJD >53380). In Panel E we show the pulse profile of the total flux and K-edge
depth for the group VIII, where no iron line was detected in the spectra. All profiles were shifted
along the x-axis so that the maximum K-edge optical depth is at phase 0.5.
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5.3.3 Phase-resolved Spectroscopy

Only 28 PCA observations were performed in data modes having sufficient time resolution and
number of energy channels to permit pulse-phase-resolved spectroscopy of the iron line. In Fig.
5.2, panel A the time intervals covered by these observations are marked by two left-most black
horizontal lines. As one can see, no phase-resolved spectroscopy is possible at the peak of the
outburst.

The data were divided into seven groups of observations with similar pulse profiles and the
same configuration/detectors. The groups cover different parts of the outburst and show different
behaviour of the pulse profile and parameters of the phase-resolved spectra (see Table D.1 and
Fig. 5.4). The spectrum in each phase bin was fitted in the 3—-12 keV band with the model
EDGE*(CUTOFFPL+GAUSS) in XSPEC. As suggested by the results of the spectral analysis of average
spectra, we fixed the line energy and width at values of 6.4 keV and 0.3 keV respectively, and the
edge energy at 7.1 keV (sect. 5.3.1). It should be noted that, unlike fluorescent line energy, the
energy of the K-edge depends notably on the ionisation state even for weakly ionised iron (for
example increasing from 7.1 keV for Fe [ to 7.6 keV for Fe V), however, the higher edge energies
seem to be excluded by the results of analysis of average spectra presented in Section 5.3.1.

Results of phase-resolved spectroscopy are shown in Fig. 5.4 where we present variations of
parameters of interest with the pulse phase. In particular, we follow a total 3—12 keV flux, shown
in each panel by the dashed histogram, flux and equivalent width of the 6.4 keV iron line and
the optical depth of the iron K-edge (shown by solid histograms in the top, middle and bottom
sub-panels respectively).

One of the most interesting findings of this work is the detection of the variable iron line
K-edge whose optical depth varies with the pulse phase. It reveals itself most graphically in data
group L. This data group is the closest to the peak of the pulsar light curve in our sample, having
the largest luminosity (~ 1.7 x 10%® ergs™') among the data sets suitable for phase-resolved
spectroscopy. The pulse profile on this date (around MJD 53354.6) shows two rather narrow dips
of large (and unequal) amplitude separated by ~ 0.5 in the pulse phase. In the deeper one of the
two, observed flux from the pulsar drops by a factor of ~ 1.5. Comparing with the collection of
pulse profiles shown in Fig. 5.3 one may conclude that with further increase of the luminosity,
about 5 days later, on MJD 53360, the dips became more narrow and equalised in depth. The
luminosity at that time was ~ 15% larger than in group I. Notably, the dips in the pulse profile
appear to be accompanied by the peaks in the iron K-edge (Fig. 5.4, panel A), suggesting that
they may be caused by obscuration of the neutron star by, for example, the accretion flow from
the inner disc. This possibility is discussed in detail in the next section.

Unfortunately, data around the maximum of the light curve were taken in instrument configu-
rations without 3—12 keV energy coverage. The next (in time) data set suitable for phase-resolved
spectroscopy (group II, Fig. 5.4, panel B) was taken a month later, on MJD 53384, when the
luminosity was by a factor of ~ 1.6 lower than at the maximum of the light curve and by a
factor of ~ 1.5 lower than in the previous data group discussed above (group I). However, it still
shows a clear peak in the K-edge depth profile coinciding with one of the two dips in the total
flux pulse profile. This trend continues in the following observations, data groups III, IV and
V, albeit peaks and dips become broader and progressively more smeared. However, in the last
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data set (MJD 53390.3, group VI, Fig. 5.4, panel D) taken near the end of the outburst at the
luminosity level of ~ 0.09 x 1038 ergs~!, the pattern changes dramatically and the peaks of the
K-edge absorption depth now coincide with the peaks of the total flux. Interestingly, at this point,
the K-edge becomes undetectable in the average spectrum.

The iron line flux shows large variations with the pulsed fraction in the ~ 30% range without
evident trends in time and luminosity, see Fig. 5.4. The pulse-profile shape of the line flux has
a rather complex shape with several minima and maxima and with less obvious relation to the
modulation of the total flux. The equivalent width generally follows the iron line flux because the
variability of the line is much larger than the variability of continuum emission, with a typical
value of EW of ~ 50 — 100 eV. A remarkable property of the iron line spectral features is the
lack of correlation between the iron line flux and the depth of its K-edge. This behaviour has
important implications on the geometry of the neutral material producing these features which
are discussed in sect. 5.4.

After MJD 53420, pulsations were detected only in two observations (90014-01-07-04 and
90014-01-07-00). For phase-resolved spectroscopy, we grouped these two observations into data
group VIII. As the iron line was not detected in these data at all, we used the spectral model
cUuTOFFPL*EDGE Which permitted us to carry out phase-resolved spectroscopy despite the missing
channel at the energy 6.4 keV in the PCA instrument configuration E_125us_64M_0_1s used in
these observations.

We did not detect pulsations of the K-edge optical depth (Fig. 5.4, panel E) in these data.
One can see that the behaviour of the K-edge depth pulse profile differs drastically from that
observed in previous data groups. In particular, the null hypothesis of the constant depth has a
fully acceptable x> value of 7.8 for 11 dof. Assuming a sinusoidal pulse profile with the mean
value equal to the K-edge optical depth 7x measured in the average spectrum in these observations
(= 10%) we obtained the 90% confidence upper limit on the amplitude of k variations of = 60%
of the mean value. Due to the rather limited statistical quality of these data, the upper limit does
not seem to be very constraining. However, tg pulsations with a pulse profile similar to those
observed in data group II or IV can be excluded with high confidence. Indeed, assuming the
pulse profile as in panel B in Fig. 5.4 and re-scaling it to give the observed value of the mean
K-edge optical depth in group VIII, we obtain the y*> = 113 (11 dof) for the null hypothesis of
constant 7¢.

5.4 Discussion

5.4.1 Summary of observational picture
The findings of this work can be summarised as follows:

1. The 3-12 keV pulse profile evolves throughout the outburst from a single-peaked shape
at low luminosity to a double-peaked one at high luminosity. The reverse transition was
not observed at low luminosities at the end of the outburst. This behaviour is similar to
other accreting transient X-ray pulsars in Be/X systems (Tsygankov et al., 2007; Epili et al.,
2017; Wilson-Hodge et al., 2018), its features specific for V 0332453 have been already
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Figure 5.5: Count rate pulse profile in the 3—12 keV range for observation 90089-11-04-04 having
maximum luminosity in our data (for which such a profile could be constructed) plotted in 128
phase bins (temporal resolution ~ 0.035 sec). The units along the y-axis are arbitrary. The blue
line is the pulse profile, and the red line is the same profile shifted by 0.5 in phase. This plot is
intended to demonstrate the striking similarity between the shape and depth of the two dips and
the fact that they are separated by nearly exactly A¢ = 0.5 in phase.
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Figure 5.6: Top panel: Unfolded (with cutorrpL model) spectra of three phase bins of the pulse
profile shown in panel B in Fig. 5.3 and in Fig. 5.5, observation 90089-11-04-04. The chosen
phase bins (specified in the legend) correspond to the bottom of the two dips (blue and green
circles, phase bins 0/16 and 8/16) and the peak of the pulse profile (magenta circles, phase bin
2/16). Bottom panel: the ratio to the phase O spectrum. The data gap at ~ 6.5 keV is due to
configuration.
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extensively discussed elsewhere, including its behaviour at higher energies (Tsygankov
et al., 2000).

2. Outside the peak of the outburst, the pulse profiles in the 3—12 keV band show a moderate
modulation at the level of R = (Fpax — Fmin) /Fmin ~ 0.1-0.2. Near the peak of the
outburst, the modulation reaches an amplitude of R ~ 1 (Fig. 5.2, panel D). Qualitatively,
this highly modulated pulse profile can be interpreted as the single peak profile similar to
the one observed in the rising part of the light curve (panel A in Fig. 5.3), superimposed
on which are two deep and narrow "absorption" features separated by 0.5 in pulse phase.
In the declining part of the outburst, the pulse profiles have low modulation ~ 0.1 and a
double-peaked shape. Pulse profiles evolve in a complex manner after, possibly having a
two-peaked shape until the end of the outburst.

3. The fluorescent iron line at the energy consistent with neutral or weakly ionised iron is
detected throughout most of the outburst. On the long time scale, its equivalent width
shows possible modulation with the orbital period of the binary (as was noted earlier in
Tsygankov, Lutovinov, 2010), varying between ~ 70 — 90 eV. Notably, there is a clear
cut-off at the end of the outburst, where the equivalent width drops down to < 60 eV on the
time-scale of about < 5 — 10 days.

4. Theiron line flux pulsates with the rotational period of the pulsar, varying with the amplitude
of R ~ 1, much larger than oscillations of the total flux. The pulsation amplitude of the
iron line flux remains constant through the outburst, where phase-resolved spectroscopy
was possible.

5. We detected iron K-edge at the energy 7.1 keV with an optical depth significantly larger than
expected from ISM absorption. Its optical depth varies with the pulse phase in a manner
approximately anti-correlated with the total flux and also evolves through the outburst. Its
long-term variation and presence of pulsations prove that it is mostly caused by the material
near the neutron star itself. The presence of pulsating iron K-edge in V 0332+53 was not
reported before.

5.4.2 Dips in the pulse profile

The striking feature of the pulse profile at the peak of the outburst is the presence of two nearly
identical dips separated in phase by exactly 0.5 (panel B in Fig. 5.3 and Fig. 5.5 ). The source
spectrum in the dips is (i) nearly identical to the spectrum outside the dips and (ii) the spectra
in the two dips are nearly identical to each other in shape and normalisation (Fig. 5.5 and 5.6).
These properties and the narrowness of the dips suggest that they could be caused by shadowing
of the (part of) emission region by some scattering (i.e. ionised) material of moderate optical
thickness. They can also arise due to shadowing of the part of the emission region by an opaque
material. However, the similarity of dip and off-dip spectra and, in particular, the lack of any
strong absorption features in the dip spectra, suggest that the dips can not be produced by neutral or
weakly ionised absorbing material of moderate thickness. Similar pulse profiles with very sharp,
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luminosity-dependent dip-like features were observed earlier in several accreting X-ray pulsars
such as GRO J1008-57 (Naik et al., 2011), EXO 2030+375 (Epili et al., 2017), A0535+262 (Naik
et al., 2008; Jaisawal et al., 2021), GX 304-1 (Jaisawal et al., 2016), 2S 1417-624 (Gupta et al.,
2018), 4U 1909+07 (Jaisawal et al., 2020) and generally associated with the additional absorption
of radiation by matter.

The primary candidate for the obscuring material could be the flow of matter from the inner
part of the disc to the pulsar’s surface (which is also called the accretion curtain, or accretion
channel). Indeed, from the continuity equation one can estimate the electron density n, in the
accretion curtain at radius r as )

M/2

me(r) = S (g

S.D

where M /2 is the accretion rate through one accretion column assuming that there are two
opposing streams as expected for the dipole configuration of the magnetic field, v(r) is the
velocity of the accreting matter (in the accretion channel it should be close to the free-fall
velocity, v(r) = vg(r) = y2GMns/r), S(r) is the area of the flow, u is the mean molecular
weight, n, is the electron number density and m,, is the proton mass. Expressing the distance
from the neutron star to the part of the accretion flow causing obscuration as a fraction of the
Alfven radius r = ary;, one can estimate the area of the stream there as S(r) = 27 fdary;, where
2n f is the azimuthal angular size (in radians) of the accretion curtain, d << r is the thickness of
the accretion curtain at this radius. With this one can express the Thomson optical depth of the
accretion curtain 71 = n(r)ord as follows:

1 Mkt 8/7 p2/7 2 ;—10/7 =2/ p=1 ~1/2
= =0.1L,, R''M B 5.2
o Ar faryve(ary) s Re Mys™ By fa (5-2)
where k1 = ZL = 0.34 cm?g~! is an electron scattering opacity for solar abundances, o is an

Hmp
electron scattering cross-section, and the scales are: L3g for luminosity in units 108 ergs™!, Rg
for neutron star radius in units 10® cm, Mg for neutron star mass in units of solar masses, B for
neutron star magnetic field in units 10'> G. The formula for Alfven radius was taken from Frank
et al. (2002).

Near the peak of the outburst, the luminosity of V 0332+53 was ~ 1.9 x 108 erg/s (Lutovinov
et al., 2015, but assuming 5 kpc distance); the azimuthal size of the accretion curtain can be
estimated from the width of the dips in the pulse profile (panel B in Fig. 5.3) f ~ 0.2, the
strength of the magnetic filed on the surface was measured at B = 2.5 x 10'> G (see sect. 5.1)
and, assuming a = 0.5 we obtain

T~ 0.9 (5.3)
We note that this result is close to the one in Mushtukov et al. (2017, equation (3), 4 = 0 and
Te = ngBl_zz / 7) if we take into account that the azimuthal angle of an accretion channel is not
equal to 2.

Thus, the accretion curtain is sufficiently optically thick to explain the dips in the pulse profile
with the amplitude R ~ 1, assuming that its material is (nearly) fully ionised. However, the biggest
difficulty of this scenario is the presence of two dips separated by almost exactly A¢ = 0.5, see
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Fig. 5.3, panel B. Assuming that the magnetic field has the dipole geometry, we can not identify
a configuration in which two accretion flows could produce two nearly identical dips separated
by A¢ = 0.5 in phase (Fig. 5.5).

Mushtukov et al. (2018) proposed that the dips in the pulse profile at the highest luminosity
are caused by the eclipse of the accretion column by the neutron star itself. They noticed the fact
that radiation from the accretion column is strongly beamed towards the surface of the neutron
star (Poutanen et al., 2013; Mushtukov et al., 2018). Therefore, during the dip observer receives
mainly emission from the eclipsed accretion column on the opposite side, focused by the neutron
star serving as a gravitational lens (fig. 6 in Lutovinov et al., 2015). Such a model naturally
explains two dips separated in phase by A¢ = 0.5. However, in the simplified models considered
in Mushtukov et al. (2018), the dips in the pulse profile are not symmetric, having different
depths. It remains to be seen whether a more accurate account for the emission diagram of
the accretion column can improve this aspect of the model (Mushtukov et al., 2018). We also
note that according to the estimations above, the accretion flow from the inner disc presents a
substantial obstacle for radiation escaping from the immediate vicinity of a pulsar, even if its
azimuthal expansion f is larger than 0.2.

5.4.3 Pulsating K-edge of iron

The instrument configuration did not permit us to perform phase-resolved spectral analysis at the
highest luminosities, where the dips were most pronounced. The nearest observation for which
this is possible was carried out around MJD 53354.6 about ~ 6 days earlier. The pulse profile
and results of phase-resolved spectral analysis are shown in panel A of Fig. 5.4. The two dips
are clearly seen in the pulse profile, albeit of unequal depth and separated in phase by A¢ # 0.5.
Notably, two clear K-edge absorption peaks coincided with the dips in the total flux. The optical
depth of the edge is fairly small, 7 ~ 0.04, therefore they can not be associated with the material
producing the dips. Indeed, considering the accretion curtain as an example, we note that for the
solar abundance of cosmic elements, the optical depth of the iron K-edge is 7re_x ~ 277. Given
our estimate of the Thomson optical depth of the accretion curtain above (eq. 5.2), 7t ~ 1, this
is grossly inconsistent with the observed depth of the K-edge in the phase-resolved spectrum.
The K-edge of such small depth could result from an addition of a small fraction of emission
reprocessed by neutral material of solar abundance, for example in the accretion disc or on the
surface of the neutron star near the accretion column (in the latter case the gravitational redshift
should be taken into account). Any such model should also explain the anti-correlation between
the total flux and the depth of the K-edge. To add to the complexity of the observational picture,
we mention that pulsating K-edge was detected in all analysed data groups after the peak of the
light curve, with a rather complicated pulse profile. The lack of correlation between the depth
of the edge and flux or equivalent width of the fluorescent iron line suggests that the line and the
edge originate in different locations. Indeed, if, for example, the reprocessing neutral material
was distributed symmetrically around the primary source, the optical depth of the K-edge should
have been correlated with the equivalent width of the fluorescent line. Obviously, our results
exclude such simple geometries.

The surge in the K-edge depth near the end of the outburst (Fig. 5.2, panel C) is quite
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interesting. The lack of pulsations of the K-edge optical depth during this period suggests that the
absorbing material is located sufficiently far from pulsar and, likely, has a different origin, than
pulsating K-edge absorption observed in the earlier stages of the outburst. The duration of the
K-edge surge, ~ 10 — 15 days, is about ~ 1/3—1/2 of the orbital period of the binary, suggesting
that absorbing material may be associated with some circumbinary material, for example with
wind from the donor star. The lack of the fluorescent line of iron in the spectrum during this
period further supports the scenario that we are dealing with an absorbing screen. In principle,
the spectra in this period may be fitted with a simple absorbed power-law model, with a rather
large hydrogen column density, Ny ~ (2.3-3) x 10?> cm~2. With this fit, some residual K-edge
absorption was still detected in some of the observations. However, as discussed above, the
limited low energy coverage of RXTE/PCA did not permit us to make a definitive conclusion.
Such absorption enhancements are observed in different X-ray pulsars (e.g. Hemphill et al., 2014;
Jaisawal, Naik, 2014; Sanjurjo-Ferrin et al., 2021; Liu et al., 2021; Ji et al., 2021) and usually
related to the structures like wind or accretion stream through the inner Lagrange point. To our
knowledge, such a clear and isolated episode of increased absorption is detected in the Be/X-ray
binary system for the first time.

5.44 6.4 keV line

The modulation of the iron line equivalent width with the orbital period of the binary, first noted
in (Tsygankov, Lutovinov, 2010, their fig. 2), and its tentative anti-correlation with the distance
to the companion star (Fig. 5.2) suggest that some fraction of the iron line flux originates on
the surface of the donor star or in the neutral material in its vicinity. In this context, we note
that optical studies of V 0332+53 suggested the presence of a circumstellar (decretion) disc
(Negueruela et al., 1999; Caballero-Garcia et al., 2016). Although its extent in V 0332+53 is not
known, based on typical parameters of such disks in other systems (Coe, Kirk, 2015) we conclude
that it can contribute to the fluorescent iron line emission observed from this source.

To estimate the fraction of emission from the donor star and its circumstellar disk we fit the
equivalent width curve with the model

EW(t) = EWg + EW (1) 5.4)
Nstar
EWgr (1) = 5.5

where Dy, (7) is the distance from the neutron star to the optical companion, EWg,. () is the
equivalent width of the line produced at or near the optical companion and modulated with
the orbital period of the binary and EWj represent the rest of the iron line flux. Ny, is a
normalisation factor. This procedure is similar to the one used in Tsygankov, Lutovinov (2010).
During the fitting procedure, we ignored the observations without the iron line in spectra (i.e.
after approximately MJD 53420). The model employed here ignores possible variations of the
emission diagram of the pulsar throughout the outburst, assuming that EWg,. () is determined
only by the solid angle of the companion star as seen from the pulsar. This approximation is
sufficient for the purpose of this estimate. Fitting to the data we found EW(y = 67 + 2 eV. The
best-fitting model is shown by the solid line in Fig. 5.2, panel B.
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Thus, we find that the equivalent width of the iron line from the donor star varies between
EWnin = 5 and EW« = 25 eV. This is consistent with the expectation (Basko et al., 1974).
Indeed, the radius of the donor star in V 0332+53 is probably close to ~ 21 light sec (nine solar
radii) (Negueruela et al., 1999, according to spectral type), the solid angle subtended by the donor
star varies in the range AQ/4m ~ 0.01-0.044. For an isotropic emission diagram of the primary
emission, the equivalent width of the fluorescent line is EW ox X AQ/41 with EW o ~ 1 keV 3
and will vary between ~ 10 and ~ 44 eV. The observed values are within a factor of ~ 2 lower
which may be understood as the result of the the anisotropy of the emission diagram of the pulsar.
The presence of the circumstellar disk around the donor star will further complicate the picture.
Furthermore, the fluorescent line flux depends on the inclination of the system which was not
taken into account in our simple estimate.

Results of the phase-resolved spectroscopy show that the iron line flux pulsates with the
rotation period of the neutron star (Fig. 5.4). Due to the large size of the binary system, ~ 10?
light sec, much larger than the rotation period of the neutron star, ~ 4.4 sec, the pulsating
component of the iron line can not originate on (or near) the surface of the donor star. The
complex pulse profiles of the line flux and equivalent width suggest that the pulsating part of the
iron line must be associated with neutral material located within < 1 light sec from the neutron
star. As estimated above, the total equivalent width of the fluorescent line originating near the
neutron star can not exceed < 67 eV. On the other hand, the amplitude of pulsations of the iron
line equivalent width is ~ 50-60 eV. Thus, the pulsating component of the fluorescent iron line is
very strongly modulated, varying by a factor of ~ 5 — 10 with the rotational phase of the pulsar.

Such a strong modulation of the iron line flux seems to be difficult to explain, if the line was
originating due to reflection off the accretion disc, because of its large solid angle as seen from
the pulsar.

A plausible fluorescence site in the vicinity of the neutron star is the accretion curtain.
The solid angle subtended by the two accretion flows as seen from the emission region equals
AQ ~ 2 x /2 X 2n f, where, as before, 27 f the azimuthal angular size (in radians) of the
accretion curtain. Thus, AQ/4r ~ /2 X f ~ 0.3, assuming f ~ 0.2. Taking into account that
the accretion flow is moderately thick (see above), the maximum value of the equivalent width of
the line it can produce is a few hundred eV, i.e. it can explain the observed equivalent width of
the iron line. As the accretion curtain can have a rather large ratio of its sizes in the azimuthal
and radial directions, its rotation can easily explain the large modulation of the iron line, although
particular details on the light curve need a much more detailed consideration with the account for
the geometry of the accretion flows and the emission diagram of the pulsar.

Sfor moderate optical depth

[T I(E)(7.1/E)*3dE
EW o = 0.74 221 keV
ma I(E = 6.4keV) ' ©

assuming roughly solar abundance (Churazov et al., 1998, formula 2), where I(E) [phot s™! cm™2 keV~!] is the
spectrum of a source. For a power-law spectrum with photon index I' ~ —0.5 and cutoff energy E¢y = 7 keV
(parameters typical for V 0332+53) the above formula gives EWp.x = 1.87 keV. We neglected the effect of CRSF
on the flux above 7.1 keV.
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5.5 Conclusion

We analysed the data of RXTE/PCA observations of V 0332+53 during its type II outburst in
2004. We paid particular attention to the variability of the iron spectral features — the fluorescent
line at 6.4 keV and K-edge at 7.1 keV and investigated their evolution on the time scale of the
outburst and their pulsations with the pulsar period. Detection of the pulsating iron K-edge in
V 0332+53 is reported for the first time in this thesis/corresponding paper.

Both iron line and edge show a complex dependence on the pulse phase which can not be
self-consistently accommodated in any of the existing models of emission of accreting pulsars.
The most striking of these features are:

1. at high luminosity the pulse profiles in the 3—12 keV band have two deep and narrow dips
of Fax/Fmin ~ 2 and of nearly identical shape, separated in phase by exactly 0.5. The
source spectrum is identical during the two dips and very similar in shape to the spectrum
outside the dips.

2. the K-edge peaks at the phase intervals corresponding to the dips, however, the optical
depth of the edge 1k ~ 0.05 is by far insufficient to explain the dips.

3. after accounting for the contribution of reflection from the donor star and any circumstellar
material which may be present near it, the iron line flux shows pulsations of very large
amplitude with the modulation of Fiax/Fmin ~ 10. The pulse profile of the line flux does
not show any easily identifiable correlations with the pulse profiles of the total flux or
K-edge depth.

V 0332+53 presents rich and unique opportunities and motivation for further development of
theoretical models of emission of accreting neutron stars.

In the next chapter, we will perform reflection emission studies of a unique pulsar Swift J0243.6+6124.
This object is very interesting because it is the closest Ultra-Luminous X-ray source discovered.
In addition, this pulsar is uniquely placed (in terms of luminosity) between "normal" X-ray pul-
sars (such as V0332+53 studied in the previous chapter) and very bright Ultra-Luminous X-ray
pulsars.



CHAPTER 6

ULX pulsar Swift J0243.6+6124 observations with NuSTAR -
dominance of reflected emission in the super-Eddington state

The contents of this chapter are based on the manuscript originally published in Bykov
et al. (2022b). My contribution to that paper was the main idea for the project, selection of an
appropriate pulsar, NuSTAR data analysis, interpretation of data and writing. Other authors
(especially M. Gilfanov) contributed to the interpretation and writing.

Abstract

We report the discovery of the bright reflected emission component in the super-Eddington state
of the ULX pulsar Swift J0243.6+6124, based on the NuSTAR observations of the source during
its 2017 outburst. The flux of the reflected emission is weakly variable over the pulsar phase
while the direct emission shows significantly larger pulsation amplitude. We propose that in
this system the neutron star finds itself in the centre of the well formed by the inner edge of the
geometrically thick super-Eddington accretion disc truncated by the magnetic field of the pulsar.
The aspect ratio of the well is H/R ~ 1. The inner edge of the truncated disc is continuously
illuminated by the emission of the accretion column giving rise to the weakly variable reflected
emission. As the neutron star rotates, its emission sweeps through the line of sight, giving rise
to the pulsating direct emission. From Doppler broadening of the iron line, we measure the
truncation radius of the accretion disc ~ 50 R,. The inferred dipole component of the magnetic
field is consistent with previous estimates favouring a not very strong field. The uniqueness of
this system is determined by its moderately super-Eddington accretion rate and the moderate
magnetic field so that the inner edge of the truncated geometrically thick accretion disc is seen
from the neutron star at a large solid angle.

6.1 Introduction

The X-ray transient Swift J0243.6+6124 was discovered by Swift observatory during its 2017
outburst (Cenko et al., 2017). Pulsations with a 9.8 sec period were detected (Kennea et al.,
2017), establishing the source as an accreting neutron star and a transient X-ray pulsar (XRP).
The outburst lasted ~ 200 days, after which the source transitioned to the regime of flaring
activity. The optical counterpart was found to be a Be star (Kouroubatzakis et al., 2017; Reig
et al., 2020) confirming that the source belongs to the class of Be X-ray binaries (BeXRB). From
Gaia data, the distance to the source was estimated to be 6.8f11'51 kpc (Bailer-Jones et al., 2018);
the mean value of the distance value is adopted below. At the peak of the outburst, the source
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reached the luminosity of ~ 2 - 10% ergs™! (bolometric) which exceeds the Eddington limit for
a neutron star by a factor of ~ 10 (Tsygankov et al., 2018; Doroshenko et al., 2020), thus placing
the source in a cohort of Ultra-Luminous X-ray pulsars (ULX pulsars). Remarkably, it is the first
of this kind found in our galaxy.

Due to its uniqueness, X-ray studies of Swift J0243.6+6124 are plentiful. Wilson-Hodge et al.
(2018) investigated the spectral and timing behaviour of the pulsar with Fermi/GBM and NICER
telescopes. They found that the pulse profile shows strong evolution and energy dependence, with
a transition from single- to double-peaked shape (and vice-versa) as the pulsar brightens (fades).
Such behaviour is typical for transient X-ray pulsars and has been predicted theoretically (Basko,
Sunyaev, 1975). From the luminosity at which the pulse profile change happens, they estimated
the magnetic field of the neutron star to be B > 1013 G. However, based on the absence of the
propeller effect at the declining phase of the outburst, Tsygankov et al. (2018); Doroshenko et al.
(2020) argued that the magnetic field should be smaller. Kong et al. (2022) reported the discovery
of the variable cyclotron scattering absorption feature (CSRF) in the spectrum of this pulsar (in
the energy range 120-140 keV). The implied magnetic field strength is therefore ~ 1.6 x 1013 G,
and it is believed to originate from the non-dipole component of the magnetic field.

Insight-HXMT provided broadband X-ray data with high cadence (Zhang et al., 2019; Kong
et al., 2020; Wang et al., 2020). Using these data Doroshenko et al. (2020) reported specific
changes in timing and spectral properties of the pulsar. These changes were interpreted as
an onset of super-Eddington accretion via the gas pressure-dominated disc and the following
transition to the radiation pressure-supported disc (RPD). These results are important since they
show that not only do radiation patterns change with pulsar luminosity, but also surrounding
matter distribution may evolve in the course of the outburst. The presence of the RPD indicates
that the magnetic field may not be very large. This claim is further substantiated by the presence
of pulsations and variability of X-ray flux in a quiescent state observed by NuSTAR (Doroshenko
et al., 2020).

The iron line complex was studied extensively by Jaisawal et al. (2019) using NICER and
NuSTAR data. They detected several bright lines of asymmetric shape in the 6 — 7 keV range. In
particular, data could be fitted with the model consisting of lines at 6.4, 6.7 and 6.98 keV from
neutral and ionised iron species. In their model, the 6.4 keV line was very broad (o up to 1 keV).
They interpreted these results that the iron emission is produced in the accretion disc or plasma
trapper in the magnetosphere. Tao et al. (2019) also reported the presence of the significant
reflection component and relativistic line shapes in Swift J0243.6+6124.

The peak luminosity of Swift J0243.6+6124 lies between 'normal’ transient XRPs! and
bright ULX pulsars. Significant changes in the matter distribution around a magnetised neutron
star were predicted to take place at high mass accretion rates (Mushtukov et al., 2017), and
Swift J0243.6+6124 may be in the regime where such a transition may happen.

Notwithstanding ample observational data, only one phase-resolved spectroscopic study was
done with NuSTAR data in the sub-Eddington state of the pulsar (Jaisawal et al., 2018). This
chapter aims to fill this gap and is dedicated to the phase-resolved spectroscopy of NuSTAR data
in the high luminosity state, with particular emphasis on the behaviour of the iron line complex.

Isuch as V 0332+53 presented in chapter 5
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In section 6.2 we describe the data reduction and analysis. In sect. 6.3.1 we discuss the timing
analysis, in 6.3.2 we describe the results of phase-averaged spectra, and in 6.3.3 we report on the
phase-resolved spectroscopy. We discuss our results in sect. 6.4 and conclude in sect. 6.5.

6.2 NuSTAR data

NuSTAR (Harrison et al., 2013) is a grazing incidence hard X-ray telescope sensitive in the
3-79 keV energy range with the energy resolution of 4% at 10 keV. It consists of two identical
modules: FPMA and FPMB, with data from each being processed separately. In the course of its
2017-2018 type II outburst, Swift J0243.6+6124 was observed with NuSTAR five times between
MJD 58000 and MJD 58200, observations 9030231900(2,4,6,8) and 90401308001. Observation
90401308001 was excluded due to its short exposure. We add observation 90401308002 of one
of the subsequent mini-outbursts (likely Type I outbursts) to our data set. We use the following
aliases for observations: 90302319002 — I, 90302319004 — 11, 90302319006 — I1I, 90302319008
— IV, 90401308002 — V. Dates of the observations are the following: I - MJD 58032; 1II -
MIJD 58057; III - MJD 58067; IV - MJD 58094; V - MJD 58369.

The NuSTAR datareduction was carried out using the HEASOFT v. 6.28 package and NuSTAR
CALDRB files (v117). Standard data-processing tools were used to extract level 2 (NUPIPELINE)
and 3 (nupropucTs) products. We choose source and background regions for data extraction:
the former is centred on the source position, while the latter is placed as far from the source as
possible. Both regions have a circular shape with a 180 arcsec radius. Because of the high count
rate in all observations, we set a bitmask "STATUS==b0000xxx00xxxx000" for NUPIPELINE as
recommended?. All data were barycentred, but the time of arrival of photons is not corrected for
the orbital motion of the system due to the lack of orbital solution based on all spin frequency
data of the source. Since the on-source time of NuSTAR observations is relatively short (a few
tens of ks) compared to the orbital period of ~ 30 days this should not present any errors in the
timing analysis. Spectra from both modules were simultaneously fit between 4 and 79 keV with
xsSPEC package (Arnaud, 1996). For phase-resolved spectroscopy photons were folded into 10
phase bins. All NuSTAR spectra were grouped to have at least 25 counts per energy bin and y?
statistic was used. The error intervals are given for 90% confidence.

6.3 Results

Fig. 6.1 shows the long-term light curve of the source in the 15-50 keV band (Swift/BAT data3)
and the 0.3—-10 keV range (Swift/XRT data#). The main, giant, outburst lasts approx 200 days and
is followed by a series of smaller flares (possibly Type I outbursts). Dates of NuSTAR observations
are marked with vertical lines. All observations except one are taken during the main outburst
(I-IV, from left to right), and one during the smaller flare (V, the right-most one in the figure).

2https://heasarc.gsfc.nasa.gov/docs/nustar/analysis/
3https://swift.gsfc.nasa.gov/results/transients/weak/Swift]0243.6p6124/
4reduced from an online tool https://www.swift.ac.uk/user_objects/, see Evans et al. (2007)
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Figure 6.1: Swift/BAT and XRT light curves of a source in arbitrary units of count rate (blue and
green symbols respectively). NuSTAR observations are marked with green vertical lines. Note
the time axis in the log scale in units of days after MJD 58000.

The source was in a sub-Eddington state in observations I and V, and in a super-Eddington state
in observations II, III and IV (see, e.g., fig. 1 in Wang et al. 2020).

6.3.1 Timing analysis

Pulsations of X-ray flux are detected in all observations. For each observation, we determine
the period of the pulsar with EFSEARCH routine, using combined data of both NuSTAR detectors.
The periods are 9.85425, 9.84435, 9.82340, 9.80105, and 9.7918 seconds for observations I,
IL, I, IV and V respectively (Solar system barycentre). These values of periods were used for
folding the data for pulse profiles and phase-resolved spectroscopy. Due to the lack of a reliable
orbital solution for the binary system, no phase connection was made to synchronise pulse profiles
between different observations.

In Fig. 6.2 we show the pulse profiles in the 4-79 keV energy range of all five NuSTAR
observations. Pulse profiles are normalised to the mean count rate (per observation). At the
beginning of the outburst (observation 1), the pulse profile has a complex shape with multiple
minor peaks, but overall the profile is dominated by the one-peak component. The last observation
(V) taken during another, minor flare, but in similar brightness, shows a very similar shape. The
pulsed fraction PF 5 is ~ 30% in the considered energy range.

As the source becomes more luminous, the pulse profile changes drastically. In the two

Sdefined as PF = DXC-minC of the pylse profile C

max C+min C
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observations where the source was the brightest (II and III), the pulse profiles show a very smooth
and symmetric double-peaked shape. In observation II the peaks are roughly equal in amplitude
and the pulsed fraction is ~ 45%, whilst in observation III one peak dominates the overall shape
and the pulsed fraction is somewhat larger, ~ 55%. In the next observation, 1V, the pulse profile
features two asymmetric peaks of roughly equal height. The pulsed fraction is ~ 30%. The
dependence of PF on the energy of photons may be found in Tao et al. (2019) or Wang et al.
(2020). Note that as we did not do phase-connection between individual observations, Fig. 6.2
may not correctly represent how a particular pulse profile maximum evolves in time, but rather
shows the general evolution of the shape of the pulse profile (see Doroshenko et al., 2020; Jiren
et al., 2022).

6.3.2 Phase-average spectral analysis

The X-ray spectra of Swift J0243.6+6124 measured by various observatories have been exten-
sively analysed in the works cited in section 6.1 and the main parameters for common pulsar
spectral models have been obtained and discussed. Below we focus on several facts and features,
which were not considered in the previous analyses.

A remarkable feature of the spectrum of Swift J0243.6+6124 in the super-Eddington state
(observations II, III, IV, the 4-79 keV luminosity of the order of ~ 10%° ergs~!) is the presence
of strong reflection features, most notably of the fluorescent line of iron. This is illustrated by
Fig. 6.3 where the ratio of the NuSTAR spectra to a simple power-law model with photon index
I' = 2 are shown. For these observations, an approximation of the spectrum with the power-law
with an exponential cutoff continuum with a superimposed Gaussian line gives the equivalent
width of the line 0.9 + 0.05 keV for the brightest observation. Also quite obvious in the ratio plot
are a smeared absorption edge in the ~ 7 — 15 keV range and a possible Compton reflection hump
at the ~ 15 — 30 keV energy domain. All these features are familiar signatures of the reflected
emission complicated by photo-ionisation effects and, possibly, by relativistic smearing (Ross,
Fabian, 2005).

On the contrary, in the sub-Eddington state (observations I and V) where the source luminosity
was ~ fewx 10°” erg s~! these features are much less pronounced (Fig. 6.3). Indeed, the equivalent
width of the Gaussian line in these observations was 90 £ 5 €V, close to typical values for X-ray
binaries in the hard spectral state. During these observations, the source spectrum was quite close
to a typical spectrum of an accreting X-ray pulsar (Jaisawal et al., 2018).

In observation I'V the source was at the declining part of the light curve (Fig.6.1) and its lumi-
nosity was the lowest among the three super-Eddington state observations, Lx ~ 4- 103 ergs~!.
Interestingly, in this observation, the equivalent width of the iron line is large, 0.83 + 0.02 keV,
however, the shape of the continuum is close to sub-Eddington state spectra found in observations
I and V (lower panel in Fig. 6.3). It appears that this observation caught the source in transition
from super-Eddington to the sub-Eddington state.

Motivated by the ratio plot in Fig. 6.3 we use the following spectral model to describe
the emission of the Swift J0243.6+6124 in the super-Eddington regime: PHABS*(RELXILLLP+
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Figure 6.2: Pulse profiles (normalised to mean count rate) in the 4-79 keV energy range. The
profiles were offset from each other by 1.0 for readability. The time since the start of the outburst
goes from the top to the bottom. All pulse profiles except for the first and the last were taken
in the super-Eddington state of the pulsar. Profiles were shifted so that the main minimum is at
phase 0.
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Figure 6.3: The ratio of the NuSTAR spectra to the powErRLAW model (I" = 2) for observations 11
and III (upper panel) and observations I, V and IV (lower panel). Only FPMA data are shown.
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BBODYRAD). The rReLxiLLLP® (Garcia et al., 2014; Dauser et al., 2016) [v1.4.3] component
models reflection of the primary emission (a power law with exponential cutoff) from an accretion
disc in lamp-post geometry, with account for possible photo-ionisation of the disc material and
relativistic smearing of the reflection spectrum. Previously, such a model, in its RELXILL variant,
was successfully applied to the NICER+NuSTAR spectra of Swift J0243.6+6124 by Jaisawal et al.
(2019). The multiplicative component pHABs takes care of the interstellar absorption. The total
Galactic absorption in the direction of the source has the column density of 0.8 x 10??> atoms cm™>
7. For the sake of fit stability, we fix PHABS parameter at this value. The BBODYRAD component
accounts for thermal radiation reported in previous works.

For rReLx1LLLP, We use the following setup: spin of the object a and its redshift z are both set
to 0; iron abundance Are is set to 5.0 (Jaisawal et al., 2019); inner disc radius Rj,, power law index
I', cutoff energy E.y and ionisation parameter log ¢ are free parameters. Outer disc radius was
set to 1.1 X Ry, this choice will be discussed later. Inclination is a free parameter. The height of
the lamp-post source & is set to 5 R, (five gravitational radii). Reflection factor fren controls the
amplitude of the reflected component relative to the primary continuum and is a free parameter.
Jrenn 18 an analogue to the equivalent width of the iron line. The cross-calibration constant is
added between FPMA and FPMB spectra. Table 6.1 shows the best-fitting values of parameters
in observations II, III, and IV. Fig. 6.4 shows the spectral data and models. For observations I
and V, when the source was in the sub-Eddington state, the spectra are adequately approximated
by more simple standard pulsar models (Jaisawal et al., 2018) without the need for a significant
reflection component. Therefore we focus our attention on the super-Eddington state spectra.

For the super-Eddington state, the reflection model gives fairly consistent values of parameters
between three observations. The spectra in the super-Eddington state require large values of
reflection fraction fi.q ~ 0.1 —0.2 which is not surprising, given the large values of the equivalent
width of the iron line obtained in the simple Gaussian fits. Interestingly, the data require both
relativistic smearing of the iron line as well as photo-ionisation of the reflector’s material with a
fairly large ionisation parameter log & ~ 3.5 with a typical uncertainty 0.05. The inner radius of
the disc R;, ~ 50 —70 R, corresponds to a circular velocity of approximately 10% of the speed of
light for a Keplerian disc. This explains the significant width of the 6.4 keV line reported earlier
(Tao et al., 2019; Jaisawal et al., 2019) as well as the presence of the lines of He- and H-like
iron. These findings are quite important and will be discussed in the context of the truncated
thick disc picture in the following section. The best-fitting model consistently requires fairly low
values of the inclination angle of ~ 10 — 20° for all three observations with the errors in 2 — 4°
range. However, it is worth noting that in the geometry proposed in this chapter, the inclination
angle does not have the same straightforward meaning as in the geometry of a lamp post above
an accretion disc envisaged in the RELXILLLP model. This is further discussed in Section 4.

As was noted above, in observation IV the source appeared to be in transition from super- to
sub-Eddington state. This may explain the harder photon index and smaller reflection amplitude
found in this observation (Table 6.1). However, the presence of the reflected component in this
spectrum is required with high statistical confidence. Likewise, the relativistic broadening of the

Shttp://www.sternwarte.uni-erlangen.de/~dauser/research/relxill/
7https://heasarc.gsfc.nasa.gov/cgi-bin/Tools/w3nh/w3nh.pl, see HI4PI Collaboration et al. (2016)
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11 (90302319004) 111 (90302319006) IV (90302319008)
Component Parameter
constant Cepma/rpvs | 0.999 +0.001 0.992 + 0.002 0.999 + 0.001
Ecu, keV 20.8 0.5 20.5+0.5 17.6703
Incl, ° 18+2 10}% 16
Rin, g 66 + 6 53*¢ 51+4
relxilllp Photon index | 1.27 +0.03 1.32£0.03 0.77 £ 0.02
logé 3.47+004 3.68%00 3.37+00
norm 0.45 +0.01 0.65 +0.02 0.188 + 0.002
Jren 0.184+0011 0.24 +0.01 0.094 + 0.009
bbodyrad kT, keV 1.223 +0.008 1.44 £0.02 1.07 £0.03
norm 11 12‘:2% 612f§; 374“_%8
x*/dof 2545.53/2309 2290.51/2170 3224.41/2735
L4_79,10%8 erg s7! 7.8 10.1 3.8

Table 6.1: Spectral parameters of NuSTAR spectra of Swift J0243.6+6124 in its 2017-2018 out-
burst for super-Eddington state. The spectral model is described in sect. 6.3.2: PHABS*[RELXILLLP
+ BBODYRAD]. Luminosity is calculated from unabsorbed flux of cFLUx component in XSPEC.
Black body component normalisation norm is tied to the radius of emitting areas R (in km)
through the distance to the source D (in 10 kpc): norm = R*>/D?.

iron line, expressed in the value of R;, parameter, is similar to the other two super-Eddington
observations.

Further insights into the geometry of the super-Eddington accretion flow around the magne-
tised neutron star are provided by the results of pulse phase-resolved spectroscopy.

6.3.3 Phase-resolved spectral analysis

Using the data of three NuSTAR observations of the source in the super-Eddington state, we study
the evolution of spectral parameters as a function of the rotational phase of the neutron star. To
this end, the pulse period is divided into 10 phase bins of equal width, and the spectra are extracted
for each phase bin as described in section 6.2. We fit the spectra with the same model as for the
phase-averaged case, except that we fix Rj,, log &, inclination angle, and parameters of the black
body component at the values found for phase-averaged spectra. For all observations and in phase
bins we obtained adequate quality of the fit with the reduced y? in the y?/dof ~ 1.1 range for a
typical number of degrees of freedom ~ 1100 — 1600. In appendix, the phase dependence of the
best-fitting parameters is shown in Fig. E.1, and the representative unfolded spectra in Fig. E.2;
the parameters values are presented in Table E.1. Making log ¢ and parameters of the black body
component free does not change significantly other parameters of the model and does not affect
the interpretation of the results. For simplicity, we do not consider these more sophisticated fits
further and focus on our main finding of the presence of a strong reflected component and its
behaviour with the pulse phase.
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Figure 6.4: Unfolded spectra of the source and its model for observation II-IV. The top sub-
plots show the unfolded spectra from FPMA (circles) and FPMB (squares) which are coloured
according to the observation ID. A solid line represents the best-fitting approximation, whose
components are also shown: reflection (dotted), power-law continuum (dashed), the thermal ra-
diation (dash-dotted). The lower subplots show the respective residuals from the model. Spectral
data were rebinned for plotting purposes.
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Using the best-fitting model we compute the flux of reflected and direct emission for each spec-
trum. We do not compute the uncertainties in those values since it would require computationally-
heavy calculations of the parameter chains which is unnecessary because the errors are sufficiently
small for the purpose of this work. This is demonstrated by the high accuracy of fi.n estimates
as well as by the low level of noise in the obtained pulse profiles for the direct and reflected
flux. Phase dependence of the direct and reflected flux as well as the total flux and reflection
fraction fieq are shown in Fig. 6.5. An immediate conclusion from these plots is that the reflected
component is much less variable with the pulse phase than the direct emission. As discussed
in the next section, this can be understood in a picture of a rotating neutron star located in the
middle of a geometrically thick super-Eddington accretion disc truncated by the magnetic field
of the strongly magnetised neutron star. The pulsation amplitude® of the direct emission is
~ 3.5,5.0,2.0 in observations II, IIT and IV respectively, whereas for the reflected emission the
numbers are, respectively, ~ 1.5,2.3, 1.3. The pulsation amplitude for the reflected emission is
~ 2 — 3 times smaller than for the direct emission, which leads to the large pulsations in the
reflected fraction fieq.

Other parameters of the model show a complex pattern of variations with the pulse phase
(Fig. E.1). The spectral hardness and the cut-off energy seem to be slightly correlated with the
total pulsar flux, as commonly observed in such objects (e.g. Tsygankov et al., 2017).

The results of the phase-resolved spectral analysis are summarised in Table E.1. In interpreting
values of the photon index one should bear in mind that in the RELXILLLP model, the direct emission
is modelled as a power law with exponential cut-off. Typical values of the cut-off energy E.y
for this source are in the 15-30 keV range. Therefore the actual slope of the spectrum is not well
represented by solely the value of the slope I'', but, rather, by combination of Gamma and Ey.
Variations of the slope with pulse phase are accompanied by corresponding variations of the E¢y
so that drastic variations of I" and E,; from one pulse phase bin to the other do not mean equally
drastic variations of the shape of the continuum.

The presence of variations in the strength of the reflected component with the pulsar phase is
further illustrated in Fig. 6.6 where the ratio of the spectra in different phase bins to a cutoffpl
model with the same parameters is shown for several phase bins. One can see that the amplitude
of the reflection features is indeed larger in the spectra for which the fit gave larger values of fi.q.

We find no evidence of the presence of the cyclotron scattering absorption feature (CSRF) in
phase-averaged and phase-resolved spectra in the 4-79 keV energy range.

We tried both the lamp-post (RELXILLLP) and corona (RELXILL) models with no noticeable
effect on the parameter values. The lamp-post geometry was motivated by the compactness of
the accretion column compared to the inner disk radius that we envisaged. We also varied the
lamp-post height, tried fixing it to 3, 5, 10 and 40 R, and found that it did not have any effect
on the best-fit values of the parameters except for the normalisation of the RELxILLLP model.
Notably, fi.q and cutoff energy/photon index did not change. It should be mentioned that both
lamp-post and corona models are significant simplifications of the true geometry of the system.
However, the agreement between the results we obtained under these geometries suggests that the
exact geometry is not the critical parameter.
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Figure 6.5: The evolution of spectral parameters as the function of pulsar rotation phase for
observations II, III, and IV. In each panel from top to bottom subplot: Pulse profile of the count
rate in the 4-79 keV energy range; the reflection fraction parameter fr.q; direct (red, dashed) and
reflected(blue, solid) flux (4-50 keV) of the best-fitting model divided by the respective mean
flux. All spectral parameters may be found in Fig. E.1
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6.4 Discussion

The presence of pulsations, i.e. lack of the propeller regime (Illarionov, Sunyaev, 1975) down to
the luminosity level of ~ 3x 10** erg s~! found by Doroshenko et al. (2020) implies that the dipole
component of the magnetic field is not very strong. Based on this and a few other arguments
Doroshenko et al. (2020) estimated the dipole field value of the pulsar B ~ (3 —9) x 10'2 G and
coupling constant ¢ ~ 0.1 — 0.2 °. For such field strengths and super-Eddington luminosity of
Lx ~ 10* ergs~! at the peak of the light curve one may expect that the pulsar magnetosphere
is fairly compact, with Ry ~ 150 — 500 km, i.e. Ry ~ 35 — 120R, for a 1.4 M neutron star
(Mushtukov et al., 2017; Tsygankov et al., 2018).

Given a rather small truncation radius, the disc will extend sufficiently close to the com-
pact object, so that a radiation pressure-dominated geometrically thick disc can form near the
pulsar magnetosphere in the super-Eddington regime. Using formulae from Shakura, Sun-
yaev (1973); Mushtukov et 2;1. (2017) one may estimate the H/R at the inner edge of the disc

- -1
Hy _ Lx Rns [ Mns R . . )
( R )m = 0.175% Tovem My logcm) , with the parameters normalised to values appropriate

for Swift J0243.6+6124. Substituting the values, one obtains H/R ~ 0.15—0.5 on the inner edge
of the disc. Indeed, Doroshenko et al. (2020), based on the observed transitions in spectral and
timing properties of the source, argued that between MJD 58045 and 58098 the inner part of the
accretion disc was in the radiation-pressure-dominated regime. All three observations analysed
in the present chapter are within this time span.

Truncation of the geometrically thick accretion disc by the magnetic field of the neutron star
will form a "well" with the pulsar located in its centre (see the sketch in Fig. 6.7). The inner
edge of the "well" will be subject to continuous illumination by X-ray emission from the pulsar
(Mushtukov et al., 2021), similar to illumination of the accretion disc in X-ray binaries and active
galactic nuclei at more "normal" sub-Eddington accretion rates. However, unlike X-ray binaries
at the sub-Eddington accretion rate, the solid angle subtended by the inner edge of the thick
accretion disc with H/R =~ 1 would be much larger. The solid angle of the inner edge of a disc

with aspect ratio H/R = 1 is 2w f,r%JrarCtan(H/ R) sinfdé = 0.7 X 47 sr. Thus, Q/4r ~ 0.7 and the

5 —arctan(H /R)
ballpark figure for equivalent width of the fluorescent line of iron is ~ % x 1 keV ~ 0.7 keV
assuming reflection from the optically thick material. This is compatible with the observed
equivalent width of the 6.4 keV line of the order of 1 keV (see sect. 6.3.2, also Tao et al., 2019).
Similarly, the value of fi.q ~ 0.25 obtained in the spectral fits corresponds to Q/4r ~ 0.210,
which is comparable with the value estimated above. We note, however, that this crude estimate
assumes an isotropic emission pattern, which is not strictly applicable to a magnetised neutron
star.

Furthermore, we note that our best-fitting model predicts the inner radius of the accretion
disc ~ 50 — 70 Ry ~ (2 —3) x 107 cm, with the typical uncertainty of 5 R,. This value is
controlled by the line profiles in the iron line complex and was determined in the RELXILLLP

9the £ is defined as a parameter relating the magnetospheric radius R, and the Alfven radius R, via Ry, = €R,,
see, e.g., Mushtukov et al. (2017)
03ccording to the RELXILLLP model, freg ~ ﬁ
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model with the account for the Doppler and ionisation effects (both of which contribute to the
line broadening). This value of the inner disc radius estimated from the broadening of the line
is consistent with the radius of the pulsar magnetosphere ~ 3 x 107 cm estimated assuming the
(dipole) magnetic field strength of B = 3 x 10'? G and the coupling parameter of ¢ = 0.2 and (eq.
1 in Mushtukov et al., 2017). This consistency is quite remarkable because the two estimates are
based on entirely different physical effects (Doppler effect and disc-magnetosphere interaction)
and are independent.

Thus, we hypothesise that the strong reflected emission originates at the inner edge of the
thick accretion disc truncated by the magnetic field of the neutron star. The inner edge of the disc
is irradiated by hard X-ray emission of an accretion column, as illustrated in Fig. 6.7. The pulsar
emission diagram must be sufficiently broad so that the total reflected flux, as seen by the distant
observer, does not vary much as the neutron star rotates. As the neutron star rotates, the pulsar
beam sweeps through the line of sight giving rise to the direct emission pulsating with a much
larger amplitude. These two components, weakly variable reflected emission and more strongly
variable direct emission from the pulsar explain the overall behaviour of the pulse with strongly
varying reflection fraction. In this picture, the anti-correlation of the reflection fraction and
equivalent width of the fluorescent line of iron with the total flux is naturally explained. On the
next level of detalisation we may note that, as the pulsar emission is not isotropic, the irradiation
pattern varies somewhat as the neutron star rotates, leading to some moderate variations of the
reflected flux, which have however smaller fractional amplitude than the direct emission from the
pulsar itself.

At the considered luminosity levels, the emission diagram of the pulsar is likely of the
fan-like geometry, i.e. sufficiently broad, the pencil beam being subdominant, if any. In this
regime, the radiation escapes a super-critical accretion column mostly via its sides, leading to a
fan-like emission pattern (Basko, Sunyaev, 1976; Lyubarskii, Syunyaev, 1982; Mushtukov et al.,
2015a; Mushtukov, Tsygankov, 2022). Fan-beam naturally produces weakly variable irradiation
of the inner disc edge, due to the rather high degree of symmetry of the fan beam as seen
from the accretion wall, and, importantly, two-peaked pulse profiles are observed in this state.
This is opposite to pencil-beam geometry (expected at smaller accretion rates) when photons
escape primarily along the magnetic axis of the pulsar (Gnedin, Sunyaev, 1973) and we expect
a one-peaked pulse profile and little irradiation (Koliopanos, Gilfanov, 2016). Variability of the
direct emission is caused by the rotation of the fan- and pencil-beam emission components, the
latter being sub-dominant at considered luminosities. The suggested picture explains observed
behaviour with variable direct emission flux and variable reflection fraction, but significantly less
variable reflected flux.

One can estimate the beaming factor of the pulsar comparing reflected and direct flux as
follows. Using observation II as an example, the reflected flux in the average spectrum amounts
to ~ 2 (in units of 1078 erg s™!cm™2). X-ray albedo varies depending on the ionisation state
and incidence angles, but generally, it is greater than ~ 0.3 (Basko et al., 1974; Zycki et al.,
1994). Taking into account X-ray albedo we estimate the effective angle-averaged direct emission
required to produce observed reflected emission as ~ 2/0.3 = 6 (in the same units). The observed
direct flux is 12, which is about ~two times higher than the former figure. The ratio of the two
flux values gives an estimate of the beaming factor of the order of ~ 2, i.e. beaming of the pulsar
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Figure 6.7: The illustration of considered geometry: a neutron star (black dot) surrounded by
a thick disc (grey plane) illuminated by a pencil beam (blue cone), and the (green
torus). Depending on the orientation of the pulsar and its emission diagram, the visible side of
the inner disc may be illuminated differently depending on the rotational phase.

emission is rather weak, and the measured luminosity is fairly close to the real one. Beaming
of radiation in X-ray pulsars is discussed, for example, in King, Lasota (2019); Mushtukov et al.
(2021).

Outside the outburst peak, at the sub-Eddington accretion rates, the accretion disc returns to
the normal geometrically thin state characterised by a rather low reflection fraction, typical for
accreting X-ray pulsars, i.e. iron equivalent width ~ 100 eV (e.g. Bykov et al., 2021) .

With the advent of X-ray polarimetry instruments (e.g. The Imaging X-ray Polarimetry
Explorer, IXPE, Weisskopf et al. (2016)) it may be anticipated that studies of the variability of
polarisation and its energy dependence will bring new interesting results. Reflected (reprocesses)
emission is expected to have a smaller degree of polarisation than radiation coming from the
accretion columns (Basko, Sunyaev, 1975). The degree of polarisation can be used to disentangle
the direct pulsar emission from the reflected and/or thermal components, which brings the
model-independent way to study the reprocessed emission and hence the matter distribution in
such systems.



6.5 Conclusion 143

6.5 Conclusion

We analysed NuSTAR data of the Ultra-Luminous X-ray pulsar Swift J0243.64+6124 in the super-
Eddington state. In this state, the spectrum of the source shows strong reflection signatures
(fluorescent lines of iron with the equivalent width of ~ 1 keV, smeared K-edge and Compton
hump) suggesting that the spectrum is dominated by the reflected emission. Pulse phase-resolved
spectral analysis using a reflection model demonstrated significant modulation of the reflection
fraction f.q. However, a more careful look at the data revealed that this modulation is caused by
variations of the direct emission, the reflected flux being significantly less variable.

We hypothesised that due to the large accretion rate and relatively moderate dipole magnetic
field strength in this pulsar, the configuration is realised when the geometrically thick radiation
pressure-dominated accretion disc is truncated close to the neutron star, at the distance of ~
50 =75 R,. The inner edge of the truncated accretion disc is filling a large solid angle as seen
from the pulsar and is continuously illuminated by the X-ray radiation from the accretion column.
The beaming factor of the emission is not large so the radiation has a sufficiently broad fan-like
emission diagram, expected at these large luminosities. This gives rise to the strong and weakly
variable reflected emission. As the emission from the accretion column sweeps through the line
of sight, we see direct emission of the accretion column, which is much more variable.

From the spectral analysis, based on the width of the iron lines and with the account for the
photo-ionisation of the material at the inner edge of the accretion disc we estimate its radius to
be ~ 50 — 70 Ry. This value is remarkably consistent with the magnetospheric radius predicted
given the constraints on the neutron star magnetic field strength and coupling parameter.

The uniqueness of this pulsar is explained by the combination of the moderately super-
Eddington accretion rate with the moderate magnetic field strength.

This chapter concludes the second part of the thesis. The next chapter is the summary of the
finding and conclusion for both parts of this work.
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CHAPTER 7

Summary and Conclusion

In this thesis, we studied accreting neutron stars and massive black holes. In this chapter, we
briefly re-iterate the results of each paper.

In the first part of the thesis, we focus on the actively accreting black holes at the centres
of galaxies. The presence of an active galactic nucleus (AGN) plays an important role in the
evolution of a host galaxy and its properties. The most powerful AGNs are seen at large distances
and can be used for cosmological studies.

In Chapter 2 we explore the feasibility of X-ray-selected samples of AGNs and galaxy clusters
of SRG/eROSITA to serve as a cosmological probe. We consider the capacity to detect Baryon
Acoustic Oscillations (BAOs) and to constrain cosmological models in the all-sky survey data
using the clustering properties of the samples using Fisher Matrices formalism. We take into
account that only photometric redshifts will be available for all objects and investigate the impact
of their quality on the forecast.

* Redshift rms scatter parameter oy has much more influence on the quality of cosmological
forecast than the fraction of catastrophic errors fj.

* It would be doable to detect BAOs with a significance of detection on the ~ 5 — 60 for
AGNs and ~ 4 — 50 for clusters of galaxies.

* Cosmological constraints from X-ray data without priors (from independent experiments)
achieves accuracy ~ 5 — 25%, and ~ 0.5 — 10% with priors. Joining the constraints from
AGNs and clusters of galaxies reduces the errors by a factor of ~ 1.5. Limiting the survey
duration or area still produces competitive precision.

» Cosmological constraints are competitive with the constraints of operating and planned
cosmological surveys. eROSITA-based mass function of galaxy clusters is a less powerful
probe compared to the clustering of AGNs and clusters for all studied parameters except
matter density Qp,.

* It would be possible to detect small-scale clustering of AGNs in the eFEDS and Lock-
man Hole eROSITA surveys performed during the Performance verification phase of the
observatory.

Chapter 3 presents a method for the identification of X-ray sources in optical wavelengths.
This is one of the most crucial steps needed to take full advantage of X-ray data — the correct
identification allows us to classify an X-ray object (e.g. star, galaxy, or AGN) and estimate its
redshift (distance). We use SRG/eROSITA data in the Lockman Hole region to probe the method.
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* Our model is based on artificial neural networks which separate photometric attributes of
the optical counterparts of X-ray sources and field sources. Models are trained on the
data from the Chandra observatory and DESI LIS sources. The entire set of photometric
attributes is transformed into one number with those networks.

* In the Lockman Hole region we assemble a validation set of eROSITA X-ray objects with
known counterparts, using data from Chandra and XMM-Newton. This validation set is
used to estimate and calibrate the performance of our method, and also to calibrate the
positional uncertainties of the catalogue.

* We combine the outputs of the neural network with the positional information of the
sources in a Bayesian way. The quality of the identification procedure achieves purity and
completeness of 95% for the whole catalogue. For bright sub-sample of X-ray sources, the
accuracy is even higher. We also report on the quality metrics for the selection of hostless
sources (i.e. sources which do not have an optical counterpart).

Chapter 4 report on the catalogue of dwarf galaxies with active cores compiled with the
help of SRG/eROSITA data. Cores of active dwarf galaxies are powered by black holes less
massive than their quasar counterparts. Such black holes are essential for studying the formation
mechanisms of massive black holes.

* We formulate systematic and stringent criteria for the search of X-ray emission from
accreting black holes in dwarf galaxies of the MPA-JHU catalogue (derived from SDSS).
We removed sporadic matches with quasars, massive galaxies or stars with the help of
external catalogues. The resulting catalogue contains 99 dwarf galaxies with X-ray activity
in the central regions.

* We analysed X-ray spectra and variability of the sample in detail. We estimate the expected
X-ray emission coming from the X-ray binaries and hot interstellar gas in each dwarf. In
82/99 sources the only plausible explanation of X-ray emission is the accretion onto the
massive black hole.

* We analyse the properties of host galaxies of active dwarfs and compare them with the
parent dwarf population. Emission line diagnostic fails to identify almost all sources as
an AGN, instead indicating that they are star-forming galaxies. We estimate the critical
accretion rate for dwarfs and find that the majority of sources are accreting on the level of
around 1/100th of the critical (Eddington) accretion rate.

* We calculate the fraction of dwarf galaxies with actively accreting black holes. We find that
the AGN fraction spans the values between ~ 107#...1072 and drops with the increase in
X-ray luminosity. AGN fraction also depends on the stellar mass — AGN fraction is larger
for galaxies with larger mass. We discuss that the measurements of AGN fractions pose a
lower limit on the abundance of massive black holes in low-mass galaxies.

Moreover, the sheer amount of data used in Chapter 4 allowed us to serendipitously discover
several X-ray sources with surprising properties.
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* We found a transient eROSITA source coinciding with a dwarf galaxy and an optical
transient. X-ray spectra and temporal evolution propose that the source may be a tidal
disruption event (TDE) in a dwarf galaxy at z = 0.048. This adds to a population of a few
known TDEs in dwarf galaxies.

* We report on an X-ray source with a thermal spectrum of X-ray emission. The spectrum
suggests a disc-dominated state of the system but the black hole mass required by the X-ray
spectral fits are order of magnitude less than that inferred from the optical spectrum.

* Sources with absorbed X-ray spectra are found. One of those is a dwarf galaxy with the
highest X-ray luminosity recorded in the literature. Another obscured AGN in a dwarf
galaxy is variable on the 6-month time scale.

* We discovered a list of galaxies which are located in galaxy pairs (i.e. on the small
distance of ~ 5 — 150 kpc from another member of a pair). Notably, in four found pairs
both members seem to be X-ray active. Such objects are important for studying the AGN
triggering mechanism and environment.

* We report three Ultra-luminous X-ray sources (ULX) candidates found in three dwarf
galaxies. Those might be of interest for investigations of the host galaxies of ULXs.

In the second part of this work, we studied the spectral and timing properties of pulsars in Be
X-ray binary systems. We showed that the reprocessed emission (iron K, line, absorption edge,
reflected spectrum), which is almost omnipresent in accreting pulsars, can effectively constrain
the geometry of accretion flows. We demonstrate it in the case of two X-ray pulsars.

In Chapter 5 we analysed X-ray spectral and timing data of V 0332+53 during its accretion
outburst in 2004. We focused on tracing the variability of the iron spectral features - fluorescent
line and absorption edge with the pulsar rotation phase. Iron spectral features depend on the
pulse phase in a complicated manner. We argue that the observational picture cannot be self-
consistently explained by any of the existing models of emission of accreting pulsars and their
geometrical configuration. We list the following important findings:

* In the peak of luminosity, the pulse profile shows two significant and narrow brightness
dips of identical shape, separated by the 180-degree rotation of a neutron star.

* The K-edge feature of the spectrum related to neutral absorption apexes at the phase intervals
corresponding to the dips. The optical depth necessary for the observed K-edge peak is by
a large factor smaller than needed to explain the dips.

* Part of the reflected emission is coming from the donor star and circumstellar material
around it. Taking this emission into account and comparing it with the observed pulsations
of the iron line, we show that the variable part of the line intensity shows modulation with
a large amplitude (by a factor of 10). The line intensity does not show obvious correlations
with the brightness profile and the K-edge depth variability.
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7. Summary and Conclusion

In Chapter 6 we performed spectral and timing analysis of the Ultra-Luminous X-ray pulsar
Swift J0243.6+6124 during its super-Eddington outburst phase.

The source has a strong reprocessed (reflected) component with a significant iron line, K-
edge and Compton hump. Pulse phase-resolved spectral analysis demonstrates significant
variations in the fraction of reflected emission in the total spectrum.

Using a physically-motivated reflection model we show that the modulations of the reflected
fractions are driven mainly by the variable direct neutron star emission, whereas the reflected
spectrum shows less strong variations. From the Doppler broadening of the iron line, we
estimate the inner radius of the reflective material.

We propose a model where the pulsar is located at the centre of a well, formed by a
geometrically thick super-critical accretion disc truncated by the pulsar’s magnetic field of
moderate value. The inner sides of the structure are irradiated by the accretion column’s
radiation and produce reflected emission.

Broad emission diagram of the accretion columns creates a relatively constant irradiation
flux, forcing the reflected component to not vary significantly, whereas the direct emission
is strongly modulated by the pulsar’s rotation.

V 0332+53, Swift J0243 and other X-ray pulsars with significant reprocessed emission provide
prosperous opportunities for the development of theoretical models of emission of accreting
neutron stars and the geometry of accretion flows around them.



APPENDIX A

Fisher formalism and the MCMC method for cosmological
forecast

This appendix is made for Chapter 2.

There are conditions to be met for the Fisher analysis to yield realistic constraints on the
parameters of the model. One such condition is that the posterior probability distribution is a
multi-dimensional Gaussian distribution. This is clearly not the case for cosmological models
since there are non-linear degeneracies in the parameters. However, one might hope that the
resulting errors would be small so that the linear approximation holds and the Fisher matrix
method indeed produces a sound forecast.

To test the method, we made a Fisher forecast for the case of AGN (eRASSS, fiy = 0.658)
with follow-up quality oy = 0.03 and fg; = 0.1 and priors 0.05 on /& and 0.01 on ng. Then,
we used COBAYA! code for Bayesian analysis in Cosmology (Torrado, Lewis, 2019, 2021) and
their implementation of the MCMC (Monte Carlo Markov Chain) Metropolis sampler (Lewis,
Bridle, 2002) to probe the posterior. We assumed a Gaussian likelihood with appropriate priors
and made ’data’ from our data vector, loaded a covariance matrix, and then ran chains until the
convergence. In Fig. A.1, we visualise the probability contours of two methods and in Table A.1,
we compare the marginalised 68% credible intervals. One can see that under our assumptions
the Fisher forecast produces contours and errors consistent with the result of the full MCMC
treatment of the problem. Based on the results of this and other similar tests we chose to use
the Fisher matrix formalism, which is significantly computationally faster than MCMC, as our
baseline tool.

Thttps://cobaya.readthedocs.io

Method | Q. Qp h ng g
MCMC | 025019003 (49.9703) x 10 06967008 (959.41103) x 103 (800.1742) x 10~
Fisher | 0.250°0013  (50.000) x 10 0.700%0%  (960.0%3%) x 10 (800.0%49) x 1073

Table A.1: Table corresponding to Fig. A.l1. The values of the mean of the parameters and
corresponding marginalised errors are shown for the MCMC method and the Fisher forecast.
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Figure A.1: Error ellipses of cosmological parameter estimation from the angular power spectra
for the case of AGNs (0 = 0.03, ffj1 = 0.1) with priors. Blue dashed ellipses are the result of the
Fisher forecast, whilst the shaded regions show the result of MCMC sampling done in COBAYA.
Darker areas correspond to the 68% probability contour and the lighter areas to 95%. On the
diagonal of the plot grid, the marginalised histograms of the corresponding parameter are shown.
The Fisher formalism provides a forecast in good agreement with the MCMC results.



APPENDIX B

Small-scale clustering simulations forecast

This appendix is made for Chapter 2.

To create a field of sources on the sky we use HEALPix synfast command and the Poisson
sampling of the density field. In the first step, we generate the angular power spectrum of sources
in particular redshift range as described in sect. 2.4. We use a non-linear matter power spectrum
calculated with halofit (Takahashi et al., 2012) model in the CCL library. Then we use synfast
command form HEALPYy library to create an overdensity Gaussian field dogn with the power
spectra equal to the input APS of sources. In the next step, we multiply the density field 1 + dagN
by the expected AGN number per pixel and Poisson-sample the density field. If the density field
has a negative value we assign its density to zero (it happens in less than 5% of pixels). If the
Poisson-sampled pixel has a value > 2 we assign it to 1 (it happens in less than 0.5% pixels of
Poisson source maps). Such pixel replacements affect slightly the APS of the source map, but
for our simple computation, this should not alter the small-scale clustering dramatically. We use
NSIDE of 4096 with pixel resolution ~ 1072 deg. With such a source map of all sky, we divide its
full area into several non-overlapping rectangular areas with dimensions 4 X 5 deg (to simulate
Lockman Hole survey, 101 rectangles) and 20 X 7 deg (to simulate eFEDS, 21 rectangles). We
then measure the angular correlation functions (ACF) of sources with TreeCorr! (Jarvis et al.,
2004) package and write down the resulting ACF. Finally, we find the mean and standard deviation
of the ACF measurements in logarithmic bins between 3 x 1072 deg and ~ 1 deg. The results
are presented in Fig. 2.8. The significance of the signal was measured after the inversion of the
covariance matrix found in simulations.

thttps://rmjarvis.github.io/TreeCorr/_build/html/index.html
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APPENDIX C

Active dwarf galaxies catalogue description

C.1 Catalogue of dwarfs

This appendix is made for Chapter 4. Accompanying text files can be found on the MNRAS
website after the online publication of the paper.

In the accompanying text file bwaRFs.csv one finds the catalogue of 99 X-ray selected dwarfs.
Ithas 99 rows and 67 columns. Columns include the relevant identification information; positional
information (optical/X-ray coordinates, separations); host galaxy properties - redshift, mass, star
formation rate, expected X-ray binaries population, emission line intensities relevant for the BPT
diagram; object identification according to SIMBAD; X-ray information - detection likelihood,
positional errors, source counts, X-ray luminosities in several bands, variability parameter, fiducial
spectral model. When possible, errors are provided for either 68% or 90% intervals. The header
of the file explains every column.

Table C.1 presents a quick-look subset of columns for all 82 dwarfs with LL;(—;’]‘;; > 3. Namely,
optical and X-ray coordinates, host properties (redshift, stellar mass, star formation rate), X-ray
luminosity, and its ratio to the expected XRB contribution.

In the attached pdf file DwARFs_sTAMPS.PDF an image of every dwarf can be found (as in Fig.
4.1).

C.2 Catalogue of excluded sources

In the accompanying text file REJECTED.csv one may find the catalogue of 79 eROSITA sources
which were cleaned in sect. 4.3.1 with the appropriate rejection reason. The structure of the
catalogue is similar to that of 99 dwarfs but without XRB population, emission line intensities,
X-ray luminosities (only fluxes) and variability parameter!.

Some examples of excluded sources are shown in Fig. C.1 with the reason for exclusion
marked. All images can be found in the attached pdf file ExcLUDED_sTamPs.PDF (as in Fig. 4.1).

IX-ray spectral analysis was not performed for excluded sources
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fragmented

massive gal: (sep<r98)

ID 48741 ID 36010

Figure C.1: As Fig. 4.1, but for galaxies which were cleaned during the cross-match process.
Each galaxy has an ID on the bottom left, and the reason for exclusion on the top left. All except
10738 and 36010 were removed after visual inspection, and 10738 and 36010 were removed
automatically as per massive galaxy within rog criterion. 27303 is a notable example of a dwarf
galaxy with an eROSITA source in the outskirts.



Table C.1: SRG/eROSITA-SDSS catalogue of dwarf galaxies with nuclear X-ray activity

m®  RA® DEC® Simbad®) z® IDx © RAx (D DECx®  ox® M., M0 Lx03-gergs (1D ?‘Qﬁ“”
2349 253.88911 6324213  NGC 6275 0.023 SRGe J165533.6+631432  253.88992  63.24216 5.8 2.1%51 % 107 3.4+0.7 x 10% 3.1
2364  253.90256  64.01973  SDSSCGB 51726.2 0.023 SRGe J165536.2+640107  253.90074  64.01858 5.6 5.5722 x 107 1.7 £0.7 x 10% 302.4
2506 26231793 59.56275  SDSS J172916.31+593346.0 0.018 SRGe J172915.7+4593345 26231561  59.5625 6.4 2.01‘(3){321 x 108 1.3+0.4 x 10% 19.9
2556 262.07526  60.94234  UGC 10880 0.013 SRGe J172817.5+605630 ~ 262.07297 ~ 60.9416 8.5 122705 < 10°  5.8+1.7x 10% 5x 103
2595 25775494  56.90007  SDSS J171101.19+565400.2 0.028 SRGe J171101.4+565401  257.75573  56.90038 7.2 6.9746 x 108 2.3+ 1.1x10% 246
3474 771736 0.52872  LEDA 1881 0.019 SRGe J003051.9+003149  7.71617 053035 1038 11379030 %107 2.2+ 1.5 x 10 7.9
4296 3844556  -1.02454  SDSS J023346.93-010128.3 0.049 SRGe J023346.8-010129  38.44505 -1.02478 5.0 2.9748 x 10° 2.01 £0.28 x 10¥  385.6
5545 29.86125  14.83424  LEDA 1468320 7.0x 107 SRGeJ015926.8+145002  29.86185  14.83388 5.4 2.52703. % 108 4.1£0.9 x 10 123.5
7394 195.00429  66.87216 - 0.048 SRGe J130000.5+665216  195.00222  66.871 5.4 2.170° % 107 1.14+0.17x 102 5432
9225 143.50993  55.23978  Mrk 116B 2.6x 1073 SRGe J093402.0+551427  143.5085 55.24084 5.6 1.098‘1(3-?)3 x10°  5.0+0.9 x 10%° 119
10487  233.60663  4.1352 [RGG2013] 123 0.04 SRGe J153425.5+040806  233.60638  4.13505 5.0 2.5+0.7 x 10° 9.3+1.2x10% 222.0
10619 173.33403 6327942  UGC 6534 4.1%x 1073 SRGeJ113320.8+631646 17333667  63.2795 113 2.5%0.7 x 10 2.5+1.1x10% 1.9 x 103
11048  233.80957 5751482  2MASX J15351422+5730529  0.01 SRGe J153513.7+4573053  233.80694  57.51461 6.1 6.1755 x 108 7.6+2.3x10%° 11.8
11092 233.36633 5351831  SDSS J153327.91+533105.9 0.087 SRGe J153326.8+533105  233.36171  53.51814  10.1 1.8+14 5 10° 42+1.8x10% 21.1
11124 2342674 5526406  SDSS J153704.18+551550.5 3.5%x 1073 SRGe J153704.5+551550  234.26857  55.26376 5.0 7.71%’ x 10° 1.79 +£0.17 x 10* 113.8
11195 237.02917  55.719 NVSS J154806+554305 0.04 SRGe J154806.7+554307  237.02774 5571859 102 2. 1td){ fx 107 9.0 +£3.5x 10% 255.1
11289 24279799 4833444 2MASXJ16111153+4820036  9.4x 107> SRGe J161111.5+482005 24279792 4833472 6.7 3.4707 x 108 6.9+1.9x10%° 5.0
11291  243.02216  48.8183 - 0.02 SRGe J161205.4+484905  243.02259  48.8181 7.0 1,8810-3‘1 x 108 2.7+0.9 x 10% 443
11530  249.91254 4329555  MCG+07-34-128 0.016 SRGe J163938.9+431741  249.91211 4329459 122 1.9418{{5 x 10° 1.5+0.6 x 10% 5.2
11568  250.23807  44.94012  [VV2003c] J164057.1+445624  0.018 SRGe J164056.8+445620  250.23652  44.93901 8.7 8.0*! k| x 107 1.2+0.6 x 1040 29.9
11569  250.68242 4571156  LEDA 2269311 0.015 SRGe J164243.4+454244  250.68074 4571209  10.1 1.21632366 x 108 2.1+0.6 x 10% 395
11622 254.62193  40.95593  SDSS J165829.26+405721.5 0.028 SRGe J165829.7+405721  254.62361  40.95597 125 4.2105s x 108 8.6 £2.2 x 10% 69.2
11958  356.44275  -8.78514  LEDA 999228 0.056 SRGe 1234545.4-084707  356.43932  -8.7854 126 2.16"0:5 x 10° 3.6 £2.0 x 104 69.1
12509  26.14118  -8.7731 MCG-02-05-039 0.03 SRGe J014433.6-084630  26.14016  -8.77513 103 2.911‘3{2 x 10° 10 + 4. x 10% 9.1
12608 32.92161 2930599  NGC 853 5.0%x 1073 SRGeJ021141.3-091817  32.92202 930458 112 3.4%0 % 10° 3.3+1.0%x 10%° 4547
13693  336.8779  -9.66499  LEDA 988084 5.7x 1073 SRGe J222730.9-093959  336.87871  -9.66634 7.2 2.6*07 x 107 8.8 +3.1x 10% 132
15429  206.67245  59.82294  MCG+10-20-028 6.2%x 1073 SRGe J134641.8+594925  206.67409  59.82353 8.9 5.1%13 5 108 3.7+1.5%10% 152
15677  232.06538  52.84361 - 0.019 SRGe J152816.3+525041  232.06794  52.84466 8.7 2.61‘5)-'9 x 108 1.9+1.3x10% 38.1
16640 4239076  0.04646  LEDA 1155772 0.186 SRGe J024933.7+000245  42.39057 0.0458 113 1.3*15 x 108 1.22+0.28x 102 4.5%x 10°
18466  151.82887  47.00639  UGC 5451 2.4%x 1073 SRGeJ100718.9+470020  151.82873  47.00552 9.6 1.21%—'28 x 108 1.1+0.4x10%° 16.4
18549  164.24457  50.14062  2MASX J10565868+5008256 4.6 x 1073 SRGe J105658.8+500828  164.24494  50.14115 6.7 1,0610-‘}7 x 108 5.6+1.5x10% 233
18900  187.5442 5276308  LEDA 2423061 0.06 SRGe J123011.3+524543  187.54727 5276196 8.5 2.6+ x 10° 5.9+2.3 x 10* 157.7
19521  158.13281 5440104  Mrk 33 9.8x 1073 SRGe J103232.0+542401  158.13351  54.40027 8.1 9.5*49 x 108 4.2+0.8 x 10% 186
20701  158.5423 58.06363  Mrk 1434 7.5x 1073 SRGeJ103410.1+580347  158.54189  58.0631 5.9 1003, x 107 1.5+0.5x 104 41.0
20867  171.68462  59.15545  IC 691 5.5%x 1073 SRGe J112644.4+590921  171.68514  59.15595 8.0 9.3t40 % 108 1.37+£0.26 x 10* 49
20929  176.93875  59.88667 MCG+10-17-072 43 %1073 SRGeJ114745.9+595304  176.94125  59.88458  10.0 1.715-{?1 x 108 2.4+1.0x10% 5.5
20944 184.00491  59.50806  Mrk 1468 0.015 SRGe J121601.4+593024  184.00592  59.50675 8.4 2,0t‘(’)~'74 x 10? 2.3+0.5x 10*! 62.3
21021  186.27255  61.15314  SDSS J122505.40+610911.7 23%x 1073 SRGeJ122505.3+610912  186.27217  61.15329 6.8 8.5724 x 105 1.27+0.31x10%° 37
21115 197.96373  60.24735  UGC 8282 0.011 SRGe J131151.3+601455  197.96392  60.24863 8.4 33405 x 108 1.5+0.6 x 10% 26.5
22648 167.01215  53.61681  UGC 6182 4.1x 107> SRGeJ110803.3+533700  167.01393  53.61657 9.1 1177026 x 106 4.4£1.6x10¥ 1.9 x 10°
22933 18335844  54.60879  SDSS J121326.03+543631.7 8.0x 1073 SRGeJ121325.9+543632  183.35809  54.60893 7.3 2.431((3}%8 x 107 1.5+0.4 x 10% 161.7
23630 320.71609  -0.99672  SDSS J212252.00-005949.4 0.184 SRGe J212252.0-005957  320.71659  -0.99911 9.3 2.82“:%—:532 x 10° 1.8+0.5x 10% 859.9

Continued on next page
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Table C.1: SRG/eROSITA-SDSS catalogue of dwarf galaxies with nuclear X-ray activity
M RA® DEC® Simbad ¥ z® IDx (©) RAx(? DECx®  ox® M., M;(10 Lx03-gergs (1D LLXX*Oﬁ“”
25180  214.87833  51.92448  MCG+09-23-060 0.029 SRGe J141931.2+4515528  214.88 5192432 7.4 2.76705 x 10° 1.36 +0.34 x 10*! 87.8
25337 228.05357 47.27519  LEDA 87385 0.053 SRGe J151212.9+471635  228.05386  47.27634 8.7 1.31j0-"§6 x 10° 2.3+0.8 x 10% 3.8
27238 227.16699 5245378  Mrk 846 0.011 SRGe J150840.4+522713  227.16818 5245371 6.9 1.901832 x 10° 4.7 +1.2x10% 195
28027 13934045  41.91099  UGC 4904 5.6x 1073 SRGeJ091721.1+415439  139.33812  41.91083 838 1.091‘95212 x 100 6.3+2.5x10%° 9.9 x 103
30754  180.76497 5691676  LEDA 2551818 0.019 SRGe J120303.9+565500  180.76619  56.91658 7.0 2.719-7°5% 10° 1.16 +0.26 x 10*! 79.1
30769  182.85503  58.75883  SBSG 1209+590 0.011 SRGe J121124.6+584540  182.85253  58.76102 9.4 3.9ﬁ0~§ x 108 1.7 +0.6 x 10%0 8.5
30874 20021776 57.64159  NGC 5109 7.0x 1073 SRGe J132053.1+573833  200.22106  57.64258 8.1 Lkl 107 7.4+2.3%x10%° 20.6
30902 20147424 57.25445  Mrk 66 0.021 SRGe J132554.2+4571518  201.47571  57.25493 102 1.90%02% x 107 5.7+2.3 % 10% 7.2
31794 2163376 39.53958  UGC 9242 5.5%x 1073 SRGeJ142521.3+393223  216.33894  39.5397 9.4 2.9%0:6"5 108 2.8+1.0x10%° 6.7
32206  166.28383  44.74646  [BKD2008] WR 276 0.022 SRGe J110508.3+444455  166.28462 4474856 9.3 4.9*06 x 108 7.3+2.9 x 10% 34
32658 20699294  39.38945  LEDA 2148943 9.3x 1073 SRGe J134758.24392325  206.99243  39.39034 8.8 9.4*21 107 5.4+2.7x10% 325
33466 25333936 23.08278  SDSS J165321.44+230458.0 0.036 SRGe J165321.94230500  253.34143  23.08311 9.8 3.01‘}- i x 107 1.5+0.7 x 10*! 38.8
34306 17755119  42.0745 UGC 6805 3.9%x 1073 SRGeJ115012.4+420427  177.5515 4207431 10.1 4.1+50 108 2.1+0.9 x 10% 49
34500  181.94214  43.12635 NGC 4117 47x 1073 SRGeJ120746.3+430733  181.94302  43.12581 9.7 2.21‘9-3 x 10° 2.7+1.2x10%° 49
37144 4171429 048567 - 0.044 SRGe J024651.9-002909  41.71637  -0.48585 8.4 1.3420 x 10° 2.0+0.9 x 10*! 746.5
39439 21528319 3529539  MCG+06-32-004 0.012 SRGe J142108.6+351741  215.28596  35.29464 9.8 2.971° x 108 1.2+0.5x 10% 33
39591  230.56068  31.47515  Mrk 850 7.3x 1073 SRGeJ152214.7+312832  230.56111 3147566 6.5 2.2+14 5 107 7.5+1.9x10% 13.7
39731 24273491  23.99648  SDSS J161056.37+235947.3 0.033 SRGe J161056.14235950 24273375  23.99715 8.0 1417 % 10 1.6+ 0.5 x 10*! 527.9
39846  49.62766 40.50241  LEDA 2166728 0.026 SRGe J031830.3+403004  49.62641 4050113 104 1.011‘)-}2 x 10° 9.+4.x10% 51.8
41568  229.95583  8.07313 SDSS J151949.39+080423.2 0.042 SRGe J151949.8+080428  229.95769  8.07432 7.9 1.83j(2~_‘£8 x 10° 2.4+0.9 x 10* 111.7
43461 13756142  59.95417  UGC 4808 4.4x1073  SRGeJ091015.0+595710  137.56234  59.95288 6.5 2.770:9 x 108 7.5+1.6x10% 1153
44628 231.65569  6.99491 2MASS J15263736+0659417 0.038 SRGe J152637.5+065942  231.65612  6.99489 5.0 2.619 x 10° 5.02+0.26x 102 7772
45689  313.08316  0.05463 - 0.211 SRGe J205220.2+000319  313.08396  0.05528 6.7 5.42 % 108 9.1+1.9x10% 8.6 x 10°
47785 2038987 2921744  UGC 8578 4.1x107  SRGeJ133535.6+291306  203.89854  29.21821 5.0 145402 x 10° 6.6+ 1.1 x 10¥ 1.5x10°
49241 18645361  33.54687  NGC 4395 1.0x 1073 SRGe J122548.6+333247  186.45266  33.54625 7.2 2.5%01 % 107 1.04 +0.28 x 10% 191.9
49754 196.48788  32.839 LEDA 2014266 0.018 SRGe J130557.6+325013  196.49004  32.83702  14.0 6.71%0 x 108 3.0+ 1.5x 10% 17.7
50706  176.60869  34.85195  Mrk 429 5.8x 1073 SRGeJ114625.8+345105  176.60744  34.85128  14.8 2.6‘:%% x 107 3.5+£2.0 x 10% 534
50842 205.80479 3674931  2MASXJ13431319+3644574  0.02 SRGe J134313.2+364455  205.80521 3674859 5.9 187070 %10 1.71£0.24x 10" 254
50909  201.08405  36.59609  Mrk 451 0.016 SRGe J132419.9+4363552  201.08301  36.59783  11.1 2.2t127% 10° 8.1+£3.2x 10% 6.9
51004  200.30437 3122184  UGC 8392 0.017 SRGe J132113.0+311303  200.30419 3121747 16.1 2.91%-§ x 10° 10+ 4. x 10% 91.8
52047  217.16235  30.63451  Z163-59 0.013 SRGe J142838.7+303809  217.16116  30.63569 9.7 1.43404 % 10° 5.1+1.7x10% 334
52077 217.22009  27.8344  2MASS J14285283+2750037 0.016 SRGe J142852.8+275005  217.2198 27.83462 8.8 1.121(3-:%7L x 10° 1.4+0.8 x 10% 7.2
52695  227.23254 2573327  UGC 9739 7.3x 1073 SRGe J150856.4+254359  227.23492 2573296 113 7.445% x 107 5.1+1.8x10% 24.1
53431 24138271  17.80728  2XMM J160531.8+174825 0.032 SRGe J160531.8+174824  241.38247  17.80677 6.9 164104 % 10° 2.8+0.7 x 10*! 2249
57825 16258224  48.33294 - 0.098 SRGe J105019.2+481958  162.58002 4833282  11.0 7.5121~9 x 108 1.1+0.6 x 10% 258.3
63593  213.63451  17.98318  ECO 2507 0.024 SRGe J141432.4+175900  213.63489  17.98327 9.5 1.437017 % 108 5.6 +2.3 x 10% 9.9
63898  233.69412  12.44725  LEDA 3091021 9.0x 1073 SRGe J153446.8+122654  233.69496  12.44838 9.1 9.6*1-2 % 107 1.4+0.4 x10% 37.6
64321  233.64713  15.20097 NGC 5954 7.5%x 1073 SRGeJ153435.1+151203  233.64612 1520094 9.0 7.9+70 x 106 1.08+0.31 x10% 405
64653  234.13292 1644037  UGC 9925 0.011 SRGe J153632.1+162628  234.13383 1644113 5.6 6.8*17 % 108 4.440.8 x10% 163.3
65319  240.86063  19.16268  Mrk 296 0.016 SRGe J160326.5+190940  240.86027  19.16108 7.7 2. 115]{3 x 10° 2.1+0.9 x 10% 227

Continued on next page
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Table C.1: SRG/eROSITA-SDSS catalogue of dwarf galaxies with nuclear X-ray activity

D" RA® DEC® Simbad®) z® Dx © RAx (D DECx®) ox® M., M1 Lx,0.3-8 erg 7D %(12)

(1) - ID from this paper; (2,3) - SDSS fibre position in deg, (4) Galaxy name from Simbad; (5) redshift; (6,7,8) eROSITA name,
coordinates (in deg); (9) eROSITA positional error, radius of the 98% probability circle in arcsec ; (10) Stellar mass (solar masses);
(11) X-ray luminosity in the 0.3—8 keV energy range (erg/s); (12) ratio of the observed X-ray luminosity to the expected X-ray
binary emission (0.5-8 keV).
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APPENDIX D

RXTE/PCA observation log for V 0332+53

This appendix is made for Chapter 5.

Table D.1 shows an observation log of RXTE/PCA, data used in this work (Group number,
Observation ID, exposure, time and configuration used in phase-resolved spectroscopy), and the
main parameters of spectral fits: reduced chi-squared value (11 dof), flux and equivalent width
of the iron line, and flux in 3—12 keV band, and the intensity of the iron line.
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Table D.1: The log of RXTE/PCA observations of the 2004-2005 outburst of V 0332+53.

- 90089-11-01-00  53336.6 160 - 1.06 6475 5.48*0:0% 37705
- 90089-11-01-02 533403 2688 - 0.93 67% 8.85+0.02 6.3+0.6
- 90089-11-01-03 533411 2912 - 078  67+6 10.20 £ 0.02 7.3+0.7
- 90089-11-01-04 533418 1760 - 0.54 71*6 10.82+9.02 8.270¢
- 90089-11-02-00 533428 11584 - 149 75%5 11.70 +0.01 9.3+0.4
- 90089-11-02-05  53343.0 1712 - 1.52 767 11.62 +0.02 9.3+0.7
- 90089-11-02-06 ~ 53343.1 2288 - 151 71 12.06 +0.02 9.1+0.6
- 90089-11-02-01 533432 2000 - 143 707 11.96 £ 0.02 8.9+0.6
- 90089-11-02-02 533434 1424 - 1.88 83+ 12.44 £0.02 10.9+0.7
- 90089-11-02-03G  53343.5 10400 - 186 77+4 12.28 +0.01 10.0+0.5
- 90089-11-02-03 533438 11680 - 207 774 12.63 +0.01 10.3+0.5
- 90089-11-02-07 533440 1824 - 151 69*¢ 12.92 +0.02 9.6+0.7
- 90089-11-02-04 533445 2816 - 1.48 767 13.50 +0.02 11.0 0.6
- 90089-11-02-10 533447 1936 - 2.19 6873 13.96 + 0.02 10.1+0.7
- 90089-11-02-09 533457 2000 - 2.59 67t§ 15.3170.03 10.9+£0.8
- 90089-11-02-08 533467 1408 - 0.66 667 16.32 +0.03 11.5+1.2
- 90089-11-03-03 533528 1152 - 115 64+ 26.30 +0.05 18.5+ 1.8
- 90089-11-03-04 533537 3168 - 0.87 73152 28.04 +0.04 27+1.5
I 90089-11-03-00G 533545 4416 X 0.67 71+ 28.60 + 0.04 23+1.5
I 90089-11-03-01G 533546 10768 X 048  73x4 28.76 + 0.04 233+ 1.4
I 90089-11-03-02 533549 2128 X 078  73x6 28.68 + 0.04 23.1+1.6
90089-11-03-05  53355.1 1904 - 0.63 77 29.21 +0.04 25.0+ 1.7
- 90089-11-04-00G ~ 53356.5 3008 - 063  79+4 30.68 + 0.04 26.8+ 1.6
- 90089-11-04-01  53357.1 1808 - 0.90 78* 31.40 +0.05 272+ 1.8
- 90089-11-04-02G 533586 2672 - 0.54 775 31.83 +0.04 273+ 1.7
- 90089-11-04-03 533588 1216 - 0.66 77+ 31.82+0.05 27.3+2.0
- 90089-11-04-04  53360.0 1600 - 0.98 79t§ 33.42+0.05 29.6+2.0
- 90089-11-04-05  53361.1 944 - 076  75+7 33.52+0.06 282+23
- 90089-11-05-00G 533632 2768 - 0.89 82+ 34.77 +0.05 322+1.9
- 90089-22-01-00G  53363.4 20544 - 0.39 84t§ 35.32+0.04 33.6+1.7
- 90089-22-01-01G 533644 21792 - 0.58 84+3 34.78 + 0.04 33.0£1.6
- 90089-11-05-01 533649 1968 - 0.65 88*, 35.36 +0.05 35.5+2.0
- 90089-11-05-08G 533653 15392 - 059  93=x4 35.55 +0.04 37.6+1.7
- 90089-11-05-02  53365.9 624 - 0.63 84*6 35.59 +0.07 342427
- 90427-01-01-00G  53367.2 1584 - 1.03 ssti 34.78 +0.05 34.6+2.1
- 90427-01-01-01 533682 2240 - 082  83%5 34.10 +£0.05 323+1.9
- 90427-01-01-02 533689 1264 - 037 8374 34.38 +0.05 326422
- 90427-01-01-03  53369.6 1872 - 067  78x6 33.84+0.05 29.8+2.0
- 90427-01-02-02 533763 688 - 1.39 60* 28.48 +0.06 19.1£2.2
- 90427-01-02-03 533766 2240 - 094  68%6 28.76 + 0.04 22.0+1.6
- 90014-01-01-00 533784 1040 - 0.98 67 27.33£0.05 203+1.9
- 90014-01-01-06 533786 1344 - 054  77+6 27.09 +0.05 23.1+1.7
- 90014-01-01-07 533787 1744 - 0.76 71%6 26.62 +0.04 209+ 1.6
- 90014-01-01-03  53380.5 8144 - 076  67+4 23.38 +0.03 174+ 1.1
- 90014-01-01-02  53381.0 1376 - 1.23 68*7 22.87 +0.04 172+ 1.5
- 90014-01-01-01 ~ 53381.3 3280 - 112 75+5 23.48+0.03 19.5+1.3
- 90014-01-01-04 533815 2784 - 052 67+5 22.81+0.03 16.8+1.3
- 90014-01-01-05 ~ 53381.6 2176 - 054  71x6 22.12+0.04 17.2+ 1.3
I 90427-01-03-00 533844 13152 Y 066  73+4 19.79 +0.02 16.0+0.9
Il 90427-01-03-01 533850 9776 Y 0.68 707 19.34 £ 0.02 14.8+0.9
Il 90427-01-03-02 533853 12272 Y 1.02 70+ 19.04 £ 0.02 14.7+0.9
- 90014-01-02-03 533859 1200 Y 1.26 75% 18.34 +0.04 15.0+ 1.3
Il 90427-01-03-14G 533859 12512 Y 0.70 687 18.39 +0.02 13.7+0.9
I 90014-01-02-00  53386.4 8240 Y 0.76 71t§ 17.36 £ 0.02 13.5+0.9
I 90427-01-03-05 533869 12944 Y 0.94 76* 17.18 £0.02 143+0.8
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90014-01-02-10
90427-01-03-06
90427-01-03-07
90014-01-02-08
90427-01-03-09
90427-01-03-11
90014-01-02-15
90427-01-03-12
90014-01-02-13
90014-01-03-00
90014-01-03-01
90014-01-03-020
90014-01-03-02
90014-01-03-03
90014-01-04-00
90014-01-04-01
90014-01-04-02
90014-01-04-03
90014-01-05-00
90014-01-05-01
90014-01-05-04
90014-01-05-05
90014-01-05-02
90014-01-05-06
90427-01-04-00
90427-01-04-04
90014-01-06-00
90427-01-04-02
90427-01-04-03
90427-01-04-05
90014-01-06-01
90427-01-04-01
90014-01-06-02
90014-01-06-03
90014-01-07-01
90014-01-07-03
90014-01-07-04
90014-01-07-00
90014-01-08-00
90014-01-08-01
90014-01-08-02
90014-01-08-03

*: Xis for B_16ms_64M_0_249_H configuration, Y is for B_16ms_46M_0_49_H, Z is for E_125us_64M_0_1s

53387.1
53387.3
53387.8
53388.0
53388.3
53388.9
53389.1
53389.2
53390.3
53391.3
53393.2
53394.3
53394.6
53395.3
53398.5
53399.6
53401.4
53403.3
53405.2
53407.6
53407.8
53408.0
53409.3
53411.6
53413.1
53413.7
53414.0
53414.2
53414.5
53414.8
53416.1
53416.5
53417.6
53418.5
53419.4
53420.7
53422.6
53424.4
53426.5
53428.5
53430.5
53432.4

2784
10880
9632
3264
10912
9744
2672
9664
7056
2336
2768
13568
2032
6192
1904
784
944
624
848
7376
1472
1920
2864
1040
5616
6016
1200
11392
6736
2128
1872
5264
1248
1616
1568
1504
1888
2864
2384
2160
1968
2176

MK KA KK AR KKK KK

0.92
1.17
1.10
1.31
1.06
0.67
1.11
0.85
1.35
1.28
1.08
0.98
0.98
1.08
1.03
0.73
1.23
1.14
0.83
1.87
0.82
1.12
2.59
0.76
1.52
1.62
1.04
1.67
1.46
1.94
1.06
0.97
1.21
0.73
1.56
1.48
1.20
0.61
0.76
1.19
0.69
0.32

42+ 14
<27
< 38
< 87
< 60
<16
<83

16.92 + 0.03
16.46 + 0.02
16.07 +0.02
15.82 + 0.02
15.48 +0.02
15.16 + 0.02
15.28 + 0.03
15.07 +0.02
14.43 +0.02
13.65{2@
12.68%0-
12.447002

-0.01
12.26 £ 0.02

11.50 +0.01
9.81 +0.02
9.67 +0.03
8.90 = 0.02
8.08+0:93

8.0570-05

-0.02
7.05+0.01

7.24 £0.02

+0.02
6.847501

+0.02
5.31+0:02

4.88+0.01
4.56 +0.01
4.43+0.01
4.240.01
4.02 +0.00
3.89+0.01
3.37+0.01
3.32+0.00
2.91+0.01
2.49+0.01
2.16+0.01
1.90 +0.01
1.37 +£0.01
0.93 +0.00
0.55+0.01
0.37+0.01
0.01 +0.00
0.00 + 0.00

14.7£1.0
13.9£0.8
13.4+0.8
13.5£0.9
13.7+0.8
12.8+0.8
14.0+0.9
14.0%9.7

13.3+8§
13.0°0%
12.2_2)-5
11540
10.5+0.9
10.870%
10.0 £ 0.8
8.5%0%
7.9+0.7
6.7+0.8
7.1+£0.7
6.4+0.3
6.1+0.7
59+0.4
5.1+0.4
3.6704
3.2+0.2
2.9+0.2
2.5+0.3
2.7+0.2
2.7+0.2
2.2%02
2.3+0.4
1.9+0.2
1.9+0.3
1.0+0.3
1.1+£0.3
0.8+0.3
<0.4
< 0.1
<0.2
<0.2
< 0.1
< 0.1
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APPENDIX E

Spectral parameters of Swift J0243.6+6124

This appendix is made for Chapter 6.
Fig. E.1 shows the phase-resolved parameters of the reflection model in three observations of
Swift J0243.6+6124, see text in sect. 6.3.3 for details. Fig. E.2 shows the best-fitting spectral
models for different phase bins (highlighted in each panel) for the phase-resolved spectroscopy.



164 E. Spectral parameters of Swift J0243.6+6124

x103 11(90302319004)
g rrrrrfrrrrprrrrprrrrprrrrpres

e
5.0F | 4
g E A
o NI
00;.. 4 .'.u:::.ﬂ:::.L:::u.::H:.::ﬁ F
0.3F & { ;g Ar
E “ B :i!ili“....”....”..ﬁ
€15 c E= - E
g 21.5: = i =+ 3
F E - 4 E
< 1.0 E < 1.0 3 Il o, I.- i R.eflected 3
=) F =] E [ e "1—=-- Direct
“‘035 COSE b e T A | |
: 50 EHHHHHEH IR EE FE -
> + > o
(0] o (0] L
4 - 4 -
320F 3 520 o E
S of g of . Sl ]
1.5 pHHHH pHHH } HHHFH =R
125F | + 3
- 1.0F ] L 1.00F 3
0.75F 3
0.5 - T N
0.75F - { . | E “E [
£ Eo- s r s E E10F 3
g 0.50¢ LT = B - 3 s
025F | — = i 05F ~ n 3
S I SIS A I RS U AU U AN B S A e S TR BRSNS ANA AN ACAT A AR e ATA A A A
0.00 025 0.50 075 1.00 125 1.50 1.75 2.00 0.00 025 0.50 075 1.00 125 1.50 1.75 2.00
phase phase
(a) Observation II (b) Observation IIT

g L0B
£ 05F

0.0F
0.15F

fref

1 25 EHHAHAHHHRHHHHHERRE R
1.00F FLE3-{=
0.75F
20.0F

175F

Ecut, k€V  Flux/mean

15.0F L [, 3

RS R RS R PR S S RN SRR R
0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00
phase

(c) Observation IV

Figure E.1: The evolution of spectral parameters as the function of pulsar rotation phase for
observations II, III and IV. In each panel from top to bottom subplot: Pulse profile of the count
rate in the 4-79 keV energy range; the reflection fraction parameter f..q; direct (red, dashed) and
reflected(blue, solid) flux (4-50 keV) of best-fitting model divided by the respective mean flux;
e-folding energy of the continuum E¢;; Photon index I'; normalisation of RELXILLLP model. Two
phase intervals are plotted. In Fig. 6.5 only the top three panels of this figure are shown for each
observation.
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Figure E.2: As in Fig. 6.4 but for spectra of different rotational phases in observation II, III and
IV (colour of the spectrum corresponds to the colour of a phase-bin in the pulse profile inset). In
the legend, the reflected fraction f;,c of the RELx1LLLP model is shown for a given bin.



166 E. Spectral parameters of Swift J0243.6+6124

phase Jrefl (108 ergr?m_ls_l) (108 er{;dgm_ls_l) Ecut, keV r norm

11 (90302319004)
0.05 0.14 +0.01 1.46 13.0 22.3%07  138£0.02  0.62+0.01
0.15 0.131 +0.010 1.57 15.0 21.6+£0.6 138+0.02  0.72+0.01
0.25 0.23 +0.02 1.57 9.2 155+0.5 1.16+0.03  0.38+0.01
0.35 0.34 +0.02 1.50 6.3 13.7+0.5 0.95+0.04 0.225+0.007
0.45 0.17 +0.01 1.52 11.1 211+0.6 134+0.02 0.51+0.01
0.55 0.120 + 0.009 1.67 17.7 27.8+09 1.46+0.02  0.90+0.02
0.65 0.121 = 0.009 1.74 18.3 29710 1.43+0.02  0.90+0.02
0.75 0.18 £ 0.01 1.67 113 233*07  122+0.02 0.474+0.010
0.85 0.37 +0.02 1.16 55 11,604 0.54£0.05  0.157+9005
0.95 0.29 +0.02 1.31 6.2 14.6*0%  0.98+0.04  0.225+0.007

111 (90302319006
0.05 0.17 0.01 4.92 30.9 222407 137+0.02  1.47+0.04
0.15 0.16 +0.01 4.88 32.8 255+0.8 139+0.02 1.57+0.04
0.25 0.17 +0.01 4.06 25.3 30+ 1 1.39+0.02  1.21+0.03
0.35 0.33+0.03 2.85 9.5 172408 1.14+0.04  0.38 +0.02
0.45 0.48 +0.03 2.13 6.7 11.0+0.5 0.58+0.08 0.198 +0.008
0.55 0.34 +0.03 2.90 10.0 152407 1.16+0.04  0.41+0.02
0.65 0.21 +0.02 3.28 16.5 19.510-'5’ 1.39+0.02  0.81 +0.02
0.75 0.31 +0.03 2.98 112 15.7t§{72 127+0.04  0.51+0.02
0.85 0.43 +0.03 3.23 9.0 142206 11270 0.36 +0.02
0.95 0.21 +0.02 3.79 19.2 20.7+0.6 137+0.02  0.92+0.03

IV (90302319008)
0.05 0.157 + 0.009 0.33 3.7 13.8+0.3 0.54+0.03 0.106 + 0.002
0.15 0.109 + 0.008 0.35 4.8 16.6*%4  0.77+£0.02  0.155 +0.002
0.25 0.087 + 0.007 0.40 6.1 184+04 0.92+0.02 0.210+0.003
0.35 0.075 +0.007 0.34 6.5 16.7+0.3 0.83+0.02 0.213 +0.003
0.45 0.104+0.008 0.32 5.1 16.1+0.3 0.67+0.02 0.157 +0.002
0.55 0.091t§{§§6 0.41 6.2 19704 0827001 0.206 +0.003
0.65 0.074 % 0.006 0.37 72 19504 0867, 0.244*000
0.75 0.068 + 0.006 0.40 7.7 20.1+04 0.88+0.01 0.262+0.003
0.85 0.071 + 0.006 0.35 7.5 176 +03  0.72+0.02  0.236 + 0.003
0.95 0.119 + 0.008 0.34 4.8 148+03 0.53+0.02 0.139 +0.002

Table E.1: Spectral parameters of all ten phase-bins of Swift J0243.6+6124 in phase-resolved
analysis in three observations. The modelling details are described in sect. 6.3.3. The position
of zero-phase is arbitrary.
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