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First image of a black hole (M87*) released by the Event Horizon Telescope
on April 10, 2019. The rings around the image show light which is bent
around the black hole by extreme general relativistic effects. Credit: Event
Horizon Telescope Collaboration. . . . . . . . .. ... ... ... .....
Schematic showing the effects of black hole spin on the reflection spectrum,
in particular the Fe Ko emission line at 6.4 keV. Top: retrograde spin results
in a larger ISCO, and thus a narrower Fe Ka line. Middle: a non-spinning
(Schwarzchild) black hole, showing moderate gravitational redshifting of the
red wing of the Fe Ka line. Bottom: maximum spin, showing the most
extreme relativistic effects and an extremely broad red wing on the Fe Ko
line. Image credit: NASA/JPL-Caltech . . . . ... ... ... ... ....
Cartoon image (not drawn to scale) showing a side view of the structure
of emission regions of an AGN. At the centre lies the SMBH (black). The
accretion disc is shown in grey, the X-ray corona is shown in dark blue, the
broad line region (BLR) is shown in pink, the narrow line region (NLR) is
show in purple, and the torus is shown in green. An idea of the scale of the
emitting regions is shown in the top left corner. . . . . . . . . . ... ...
Cartoon image (not drawn to scale) showing the innermost few r, of the
AGN. The SMBH (black) at the centre is surrounded by the accretion disc,
shown in grey. UV seed photons are emitted isotropically from the disc.
Some are then emitted in the direction of the corona; these photons are
then Compton up-scattered, producing the observed X-ray emission.

Cartoon image (not drawn to scale) demonstrating the physical motivation
for reverberation mapping. The SMBH is shown in black, the accretion disc
is shown in grey, and the corona is shown in blue. Variability in the corona
is propagated to the reflected emission from the accretion disc, with a time
delay corresponding to the light travel time including general relativistic
effects. . . .
Top: typical spectrum of a type 1 AGN showing strong blue emission and
a combination of broad and narrow emission lines. Bottom: typical type
2 AGN showing more reddening and only narrow optical lines. Prominent
features including H5, Ha and O[III] are indicated. Image credit: Morgan,
Siobahn. Distant and Weird Galaxies, course notes. . . . . . . .. .. ...
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Typical X-ray spectral model for a mildly obscured AGN. The total model
including all shown spectral components is indicated with a black solid line.
The hot coronal power law is shown as a dashed blue line. The soft excess
of unknown physical origin is shown as a red dotted line, contributing to
the spectrum below ~ 1keV. The Compton hump and iron absorption edge
resulting from scattering of X-ray photons in a neutral medium (e.g. the
torus) is shown as a green dash-dot line. The fluorescent Fe Ka emission
line is shown as a grey solid line. Mild absorption in the Milky Way and
host galaxy create a strong downturn in soft X-rays, below ~ 0.4keV. . . .
Photograph of the eROSITA assembly process pre-flight, showing the 7 teles-
cope modules, each having 54 assembled gold-coated mirrors. Image credit:
MPE .
Grasp; product of the FOV averaged effective area and the field of view,
shown comparing different past and contemporary X-ray observatories; eRO-
SITA (all TM combined) is shown as a red solid line, Chandra ACIS-I is
shown at launch in a dark green dotted line and in 2020 as a light green
dotted line, Chandra HRC-I is shown in a violet thin dashed line, XMM-
Newton (all instruments) is shown as a blue dot-dash line, and ROSAT
PSPC is shown as a brown-orange thick dashed line. Image is taken from
Figure 10 of Predehl et al. (2021a). . . . . . .. ... ... ... ... ...
The map of the first eROSITA all-sky survey, eRAS1, in X-ray energies
between 0.3 — 2.3keV. The image has been smoothed using a 10 arcminute
Gaussian. Different colours represent different X-ray energies, where 0.3 —
0.6 keV is shown in red, green for 0.6 — 1keV is shown in green, and 1.0 —
2.3keV is shown in blue. Image credit: Jeremy Sanders, Hermann Brunner
and the eSASS team (MPE); Eugene Churazov, Marat Gilfanov (on behalf
of IKT). . . o
Effective area comparison between NuSTAR (black), XMM-Newton (red)
and Chandra (green). Image taken from (Harrison et al. 2010). . . . . ..

Left: detection likelihoods DET_LIKE 3 in the 2.3 — 5keV band. Right: Hi-
stograms of the X-ray flux (2 —10keV). All sources in the sample are shown
in black, while those detected only in the hard band (hard-only) are shown
with grey dashed lines. . . . . . . . . . ... oo
Normalised histogram of the soft X-ray (0.5 — 2keV) fluxes shown for the
main sample (orange dashed line) and hard sample (blue solid line).

Legacy survey r-band (uppers panels) and Wise W1 3.4um (lower panels)
magnitude versus the 0.5-2 keV (left panels) and 2-10 keV (right panels) X-
ray flux for the eFEDS hard sample. Source classified as being extragalactic
(green symbols) and Galactic (purple symbols) are shown separately. As a
comparison the data for the AEGIS-XD survey (Nandra et al. 2015) are
shown (small black symbols), which cover slightly different bands in the
optical /IR, specifically Subaru R. and Spitzer/IRAC 3.6pm. . . . . . . ..
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Histogram of the hardness ratios, shown for the full sample (black solid line),
extragalactic sources (green dash-dot lines) and Galactic sources (magenta
dashed lines). The vertical dotted line indicates the expected hardness ratio
for an absorbed power law with photon index I' = 1.8 and Galactic column
density of Ny = 3 x 10%° em ™2, typical for eFEDS sources. . . . . ... ..

Left: Redshift distribution for the extragalactic AGN sample. Sources with
spectroscopic redshift are shown as solid red lines, and secure photometric
redshifts are shown with black dash-dot lines. Sources with less secure photo-
z are also shown in grey dashed lines for comparison. Right: Normalised
histograms showing spec-z and all reliable redshifts comparing the hard and
main samples. . . ... Lo

Soft X-ray (0.5-2 keV) luminosity-redshift relation for the eFEDS hard sam-
ple (blue circles) compared to the main sample (orange crosses). The lumi-
nosities are corrected for absorption and show the sub-samples with either
spectroscopic redshift or high quality photometric redshift. . . . . . . . ..

Distribution of hardness ratios shown for AGN with broad lines in the SDSS
spectra (blue solid line), AGN with no broad lines (black dashed line), and
source with photo-z (grey dash-dot line). The vertical dotted line indicates
the hardness ratio derived from an absorbed power law with photon index
I' = 1.8 and Galactic column density of Ny =3 x 102 em™2. . . . . . ..

Top left: distributions of spectroscopic redshifts, shown for eFEDS Hard
AGN where Eddington ratios can be constrained (blue solid line), for blazars
in the eFEDS hard sample (blue filled histogram), and for AGN in the
Chandra COSMOS field (Suh et al. 2020, black dashed lines). Top right:
same, but shown for bolometric luminosity. Bottom left: same, but shown
for black hole mass in units of solar masses. Bottom right: same, but shown
for Eddington ratio (Agqd). - - -+« o o oo

Luminosity redshift distribution for eFEDS hard AGN (blue circles) and
Swift-BAT AGN (grey crosses). Flux limits for eRASS1 (black solid line)
and HEAO-1 (red dashed line) are also shown. . . .. ... ... ... ..

Comparison of different models and residuals for ID 00011 (z = 0.5121), a
source best fit with a double power law soft excess model. The top panel
shows the folded spectrum along with each of the best fit models, and the
second, third, fourth, fifth and sixth panels show the residuals for the power
law (grey), warm absorber (blue), partial covering (orange), blackbody (dark
red) and double power law (red) models, respectively. The Bayesian evidence
is also given for each model, to ease comparison. The spectrum and residuals
are re-binned for clarity. The best fit is a power law soft excess, with a Bayes
factor of K,; ~ 1.22 x 107 and a significance of >99%. Data have been re-
binned for display purposes. . . . . . . .. ...
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Distributions of absorbed power law (PL) model parameters. Left: Distribu-
tion of host galaxy column density measured using the baseline, absorbed
power law model. There is a clear primary peak at NH, ~ 10?*° cm =2, with
a secondary peak at NH, ~ 10%2° cm~2. Right: as top left, but shown for
the photon index. There is a clear peak at I' ~ 2.0, and a second cluster of
objects with an unusually flat T"'of ~1.4. . . . . . .. .. ... ... ...

Warm absorption parameters for all AGN in the sample. Sources with warm
absorption components of various purity levels (95%, 97.5% and 99%) are
indicated with blue circles (translucent, unfilled and opaque, respectively).
Typical error bars are indicated with a black cross. . . . . . ... ... ..

ID 00016 (z = 0.2907), a source best fit with a warm absorption model. The
spectrum (re-binned for display) is shown in black, the background model
is shown as a black dashed line, the power law model is shown as a grey
line, and the warm absorber model is shown in blue. The bottom two panels
show the residuals for the power law, and a warm absorber, respectively. The
source has relatively high signal-to-noise, and has a warm absorber column
density of ~ 10*2 cm~2 and an ionisation of £ ~ 10% ergs cm s~* . Data have
been re-binned for display purposes. . . . . . .. ...

Corner plot for source ID 00016, best fit with a warm absorption model.
The diagonal panels show the marginal posterior probability distribution
for each parameter, while the other panels show the conditional probability
distribution functions for each pair of parameters. Here, log(nH) is the host
galaxy absorber column density (in units of x10?2cm~2), LOGNH is the
column density of the warm absorber (cm™2), LOGXI is the ionisation of
the warm absorber (ergs cm s™! ), log(norm) is the power law normalisation,
Pholndex is the photon index of the power law, and norm is the relative
renormalisation of the background model with respect to the source model,
which is consistent with unity. . . . . . .. ... ... ... L.

Partial covering parameters for all AGN in the sample. Sources with parti-
al covering components of various purity levels (95%, 97.5% and 99%) are
indicated with orange pentagons (translucent, unfilled and opaque, respec-
tively). Typical error bars are indicated with a black cross. . . . . . . . ..

ID 00030 (z = 0.4263), a source best fit with a partial covering absorption
model. The spectrum (re-binned for display) is shown in black, the back-
ground model is shown as a black dashed line, the power law model is shown
as a grey line, and the neutral partial covering absorption model is shown in
orange. The bottom two panels show the residuals for the power law, and a
partial covering absorber, respectively. The source has a moderate covering
fraction of ~ 0.6 and a moderate column density of 4 x 10*2cm™2. Data
have been re-binned for display purposes. . . . . . .. ... ... ... ..

60

61

62

63



ABBILDUNGSVERZEICHNIS

xiii

3.8

3.9

3.10

3.11

3.12

3.13

Corner plot for source ID 00030, best fit with a partial covering absorber.
Here, the first instance of log(nH) is the host galaxy absorber column density
(in units of x10*2 cm™?), log(norm) is the power law normalisation, Pholn-
dex is the photon index of the power law, the second instance of log(nH) is
the partial covering absorber column density (x10?2cm~2), CvrFrac is the
covering fraction of the absorber, and norm is the relative renormalisation of
the background model with respect to the source model, which is consistent
with unity. . . . . . ..o

Comparison of Bayes factors between soft excess models. The Bayes factor
for the double power law is shown on the horizontal axis, while the Bayes
factor for the blackbody model is shown on the vertical axis. The dashed grey
line shows the one-to-one relation, with sources lying below the line being
better fit with the PL+PL model, and sources above the line being better
fit with the PL+BB model. Sources which show evidence for a soft excess
(K,;>2.586, corresponding to a 97.5% significance) are shown in black, and
sources which do not show evidence for a soft excess are shown in grey.

Soft excess (double power law) parameters for all AGN in the sample.
Sources with soft excess components of various purity levels (95%, 97.5%
and 99%) are indicated with red squares (translucent, unfilled and opaque,
respectively). Typical error bars are indicated with a black cross. . . . . .

ID 00039 (z = 0.3893), a source best fit with a double power law soft ex-
cess model. The spectrum (re-binned for display) is shown in black, the
background model is shown as a black dashed line, the power law model is
shown as a grey line, and the double power law model is shown in red. The
bottom two panels show the residuals for the power law, and a soft excess,
respectively. Data have been re-binned for display purposes. . . . . .. ..

Corner plot for source ID 00039, best fit with a double power law soft ex-
cess. Here, the first instance of log(nH) is the host galaxy absorber column
density (in units of x10*? cm™? ), log(norm) is the power law normalisation,
log(factor) is the relative normalisation of the soft power law with respect to
the hard power law, the first instance of Pholndex is the photon index of the
hard power law, the second instance of Pholndex is the photon index of the
soft power law, and norm is the relative renormalisation of the background
model with respect to the source model, which is consistent with unity.

Distributions of Bayes factors obtained from simulations. Left: Computed
warm absorber Bayes factors (K,,). Right: computed partial covering Bayes
factors (K,.r). Confidence levels of 95%, 97.5% and 99% are indicated using

vertical lines of different linestyles. . . . . . .. .. ... .. ... ... ..
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Comparison of Bayes factors between warm absorber models. The Bayes
factor for the warm absorption model is shown on the horizontal axis, while
the Bayes factor for the neutral partial covering model is shown on the ver-
tical axis. The dashed grey line shows the one-to-one relation, with sources
lying below the line being better fit with the PL4+WA model, and sources
above the line being better fit with the PL4+PCF model. Sources which do
not show evidence for any complex absorption are shown in grey.The values
of Ky = 1.126 and K.y = 1.555 correspond to purities of 97.5%. . . . . .

Distribution of computed K,; values obtained from simulations. Confidence
levels of 95%, 97.5% and 99% are indicated using vertical lines of different
linestyles. . . . . . . .

Distributions of detection likelihood in the 2.3—5keV band (DET__LIKE_ 3)
shown for sources best fit by each model. The vertical axis is given in log-
space to highlight the true distribution of the sample. Sources best fit with
a power law are shown with a black dotted line, sources best fit with a soft
excess are shown as a red solid line, sources best fit with a warm absorber
are shown as a blue dash-dot line, and sources best fit with partial covering
absorption are shown with an orange dotted line. . . . . .. ... .. ...

Distribution of computed rest-frame E..s values. Sources best fit with a
power law are shown with a black dotted line, sources best fit with a soft
excess are shown as a red solid line, sources best fit with a warm absorber
are shown as a blue dash-dot line, and sources best fit with partial covering
absorption are shown with an orange dotted line. The median of E. .. =
0.55keV for the soft excess sample is indicated with a solid red line. The
typical error bar is shown in black. . . . . . . ... ... ... ... ...

Distributions of soft excess strength and soft flux fraction. Top: Distribution
of soft excess strengths (Fgg/Fpr) shown for sources best fit by each model.
Sources best fit with only with a single absorbed power law are shown with
a black dotted line, sources best fit with a soft excess (PL+PL) are shown
as a red solid line, sources best fit with a warm absorber are shown as a
blue dash-dot line, and sources best fit with partial covering absorption are
shown with an orange dotted line. Bottom: same as top, but shown for the
soft flux fraction, Fyo_1/Fy2_10. The vertical black line shows the expected
SFF for a source with I' = 2 and nH = 5 x 102 cm™2. . . ... ... ...

Comparison of Bayes factors for the warm corona and relativistic blurred
reflection models. Bayes factors for the warm corona model are shown on
the horizontal axis, and the difference between Bayes factors normalised by
the warm corona Bayes factor is shown on the vertical axis. Open shapes
indicate soft excesses with 97.5% confidence, and filled shapes indicate 99%
confidence. Sources best fit with a warm corona are shown as purple squares,
and sources best fit with blurred reflection are shown as green triangles.
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Distributions of soft and hard photon indices separated by best soft excess
model. Top: Distributions of hard photon index obtained from the PL+PL
modelling for sources in the soft excess sample. Sources which are best fit
with soft Comptonisation are shown with a purple dotted line and sources
best fit with blurred reflection are shown with a solid dark green line. Median
values for each sample are shown with vertical lines in the corresponding
colours. The shaded histograms indicate the sources with 99% significance

on the soft excess. Bottom: As top, but showing the soft X-ray photon index. 84

Warm corona photon indices and temperatures derived from the soft Comp-
tonisation modelling. Lines of constant optical depth are shown in red.

ID 00034 (Z=0.1027), a source best fit with a warm corona model. The
spectrum (re-binned for display) is shown in black, the background model
is shown as a black dashed line, the power law model is shown as a grey
dotted line, a blurred reflection model is shown in green dash-dot line, and
the best fitting warm corona model is shown in purple. The bottom three
panels show the residuals for the power law, blurred reflection, and a warm
corona, respectively. Data have been re-binned for display purposes. . . . .

Distributions of redshifts and 2 — 10 keV un-absorbed X-ray luminosity for
each source. Sources best fit with an absorbed power law are shown as grey
crosses, sources with soft excesses are shown as red squares, and sources
with warm absorbers are shown with blue circles. . . . . . ... ... ...

Distributions of photon indices and the host-galaxy absorption column den-
sities, These values are always measured using the baseline PL. model, irre-
spective of the true best-fit model for each source. Sources with soft excesses
are shown as red squares, sources with warm absorbers are shown with blue
circles, sources best fit with partial covering are shown with orange penta-
gons, and sources best fit with the baseline power law model are shown as
black crosses. Marker styles represent samples of different purities, as descri-
bed in sections 3.3 and 3.4. The typical error bars are shown in the top right
corner, and the horizontal grey line indicates a column density of 10?2 cm

Example spectrum of ID 00439 (z = 0.6027), which is best fit fit a warm
absorber model. The spectrum is shown along with the background model
(black dashed line), the absorbed power law model (grey), a partial covering
absorption model (orange), and the best-fit warm absorber model (blue).
The bottom three panels show the residuals for the power law, warm absor-
ber and partial covering models, respectively. Data have been re-binned for
display purposes. . . . . . ...
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3.26

3.27

3.28

3.29

3.30

3.31

Corner plot for source ID 00439, which shows evidence for Compton-thin
absorption when modelled with an absorber power law but is best fit with
a warm absorption model. The diagonal panels show the marginal posteri-
or probability distribution for each parameter, while the other panels show
the conditional probability distribution functions for each pair of parame-
ters. Here, log(nH) is the host galaxy absorber column density (in units of
x10*2 cm ™2 ), LOGNH is the column density of the warm absorber (cm™2),
LOGXT is the ionisation of the warm absorber ( ergs cm s™' ), log(norm)
is the power law normalisation, Pholndex is the photon index of the power
law, and norm is the relative renormalisation of the background model with
respect to the source model, which is consistent with unity. . . . . . . ..

Distribution of black hole masses and bolometric luminosities calculated
from the optical spectra. Sources best fit with an absorbed power law are
shown as grey crosses, sources with soft excesses (97.5%) are shown as red
squares, sources with warm absorbers (97.5%) are shown with blue circles,
and sources with partial covering (97.5%) absorbers are shown with orange
pentagons. . . o. ... Lo e

Histograms of key optical-derived properties, shown as: all sources (grey),
sources best fit with a power law (black dotted line), sources best fit with
a soft excess (red solid line), sources best fit with a warm absorber (blue
dot-dash line) and sources best with with partial covering (orange dashed
line). Median values for each sub-sample are indicated with vertical lines
in corresponding colours. Top left: distributions of bolometric luminosities.
Top right: distributions of black hole masses. Bottom left: distributions of
FWHM of the HB, Mg II, or C IV optical lines. Bottom right: distributions
of the Eddington ratios (Agaq). - - - -« « v v v o o oo

Fraction of the total sources best fit with each model (soft excess, warm
absorber, partial covering), shown per bin using the same binning as the
bottom-right panel of Fig. 3.28. Sources best fit with soft excesses are shown
in red, sources best fit with warm absorbers are shown as blue dashed lines,

and sources best fit with partial covering are shown as orange dash-dot lines.

Distribution of Eddington ratios and photon indices measured from the best
fitting spectral model. Sources shown in grey are best fit with a power law,
sources shown with red squares are best fit with a soft excess, sources shown
in blue circles are best fit with warm absorbers, and sources shown as orange
pentagons are best fit with partial covering. Histograms for each parameter
are also shown, and median values are indicated with solid lines in the
corresponding colours. . . . ... Lo o Lo

An example of an AGN (ID 04444) with strong host galaxy contamination.
A blind fit of this spectrum met the criteria for a well measured black hole
mass using the Hf line, but visual inspection reveals no evidence for a broad
HB component. . . . . . .. ..
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3.32 Distribution of total absorbing column density for each model. For sources

4.1

4.2

4.3

4.4

best fit with a single power law or soft excess, this corresponds to the co-
lumn density measured in the ztbabs component. For sources best fit with
a warm absorber, this corresponds to the sum of the column densities from
the ztbabs model and the XSTAR grid, and for sources best fit with neutral
partial covering, this corresponds to the sum of the column densities mea-
sured from the ztbabs and zpcfabs components. Sources best fit with soft
excesses are shown in red, sources best fit with warm absorbers are shown
as blue dash-dot lines, and sources best fit with partial covering are shown
as orange dashed lines. The typical error bar is shown in black. . . . . ..

Hard X-ray detected sources in the first all-sky survey. The non-flagged,
point-like sample is shown as blue circles, and non-flagged extended sources
are shown as pale blue circles. The non-flagged, point-like, hard-only sample
is shown with orange squares, and the hard-only extended sources are shown
with light orange squares. Sources flagged as problematic are shown as grey
triangles. The size of the shapes corresponds to the hard band (2.3 — 5keV)
flux, with larger shapes corresponding to brighter X-ray fluxes. There are a
total of 5466 sources. . . . . . . ...

Top: Distribution of population fractions for simulated sources versus DET_LIKE 3.

Simulated point sources are shown as blue dashed lines and labelled PNT,
simulated extended sources are shown as light blue dash-dot lines and label-
led EXT, and spurious sources (e.g. not real sources in the simulations) are
shown as a solid grey line, labelled BKG. Bottom: Distribution of popula-
tion fractions for simulated hard-only sources with respect to DET_LIKE_ 3.
Simulated point sources are shown in orange, and background sources are
shown as a solid grey line, labelled BKG. A solid black line at DET_LIKE 3

of 12, indicating the threshold for a significant hard band detection, is shown. 113

Distribution of errors on the coordinates (POS_ERR) for individual sources.
The eRASS1 main sample is shown with a grey, dash-dot line. The hard sam-
ple is shown as a black solid line, and is further sub-divided into non-flagged,
point-like hard sources, and point-like hard-only sources, in a blue dashed
line and an orange dotted line, respectively. Median values are indicated
with vertical lines in corresponding colours. . . . . . . . . .. .. ... ..

Distribution of DET_LIKE_3 (2.3 — 5keV) values. The hard sample is shown
as a black solid line, and is further sub-divided into point-like sources, and
point-like hard-only sources, in a blue dashed line and an orange dotted line,
respectively. . . . . . L L
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4.5

4.6

4.7

4.8

4.9

4.10

4.11

Distribution of DET_LIKE_2 (0.6 —2.3 keV) values. The hard sample is shown
as a black solid line, and is further sub-divided into non-flagged, point-like
hard sources, and point-like hard-only sources, as the blue dashed line and
the orange dotted line, respectively. The hard-only samples as defined in
Merloni et al. (2024) are also shown, with the higher fidelity, UID_1B=0
sample shown as a pale orange dashed line, and the less pure, UID_1B< 0
sample shown as a dark red, dash-dot line. . . . . . . ... ... ......

Distribution of p_any thresholds for the real (black, solid line) and shifted
(gray, dotted line) samples. . . . . . ...

Purity and completeness as a function of p_any values, defined as in Sal-
vato et al. (2022). Purity and completeness for the sample with soft X-ray
detections are shown as blue solid and dashed lines, respectively, and purity
and completeness for the hard-only sample are shown as orange solid and
dashed lines, respectively. The horizontal grey line shows a purity of 0.9,
and vertical dotted lines in corresponding colours indicate the p_any values
for the 90% purity cuts. . . . . . . ...

Purity (dashed lines) and completeness (solid lines) as a function of p_any
values, defined as in Salvato et al. (2022). The black, green and pink li-
nes show sub-samples of sources with DET_LIKE 3>12, DET_LIKE 3>15 and
DET_LIKE 3>18, respectively. . . . . . . . . .. ... ... ... .....

Distribution of DET_LIKE 3 values as a function of p_any, shown for both
the hard-only sample (orange) and the remainder of the hard sample (blue).
The vertical black line indicates the 90% purity cut on p_any for the hard-
only sample, and the horizontal dashed line shows a high-fidelity cut of
DET LIKE 3>18. . o oot e o e

Distribution of separations between the optical and X-ray positions, divided
by the X-ray positional errors. The sources with good p_any are shown in
grey, and the expected Rayleigh distribution is shown with a solid black
CUTVE. o v v e e e e e e e e e

Distributions of spectroscopic redshifts for the eROSITA hard sample. The
hard sample is shown as a blue solid line, and the hard-only sample is shown
with an orange filled histogram. Spec-z from the spectroscopic redshift com-
pilation of Kluge et al. (2024) are shown as black dash-dot lines, and NED
spec-z are shown as green dotted line. The Quaia redshifts are shown with
pink dashed lines. . . . . . . . . . ...
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4.12

4.13

4.14

4.15

4.16

4.17

Colour-colour classification plots for the hard sample. Only sources with ty-
pe PSF in LLS10 and with a signal-to-noise ratio > 3 in all photometry bands
are plotted. Sources classified as extragalactic (spec-z>0.002) are shown as
filled purple diamonds, sources classified as Galactic (significant parallax
at > bo or spec-z<0.002) are shown as filled red stars, sources classified
as extragalatic based on their colours are plotted as unfilled, dark purple
diamonds, and sources classified as Galactic based on their colours are plot-
ted as unfilled, dark red stars. These shapes and colours are labelled in the
bottom-right panel. Cataclysmic variable (CV) systems are plotted with un-
filled black squares on the bottom plots. The tracks on the bottom-right show
the evolution of the colour-magnitude space occupied by different sources,
with increasing redshift from left to right. Redshift ticks can be found at
z2=10.04,0.2,0.4,0.92, and where available, z =1.4,3.8. . . ... .. ...

De-reddened r magnitudes and hard X-ray (2.3 — 5keV) fluxes for the hard
sample. All hard sources with p_any less than the threshold of 0.033 are
shown as blue unfilled circles, and sources with good p_any are shown with
blue filled circles. Hard-only sources with p_any less than the threshold of
0.061 are shown as orange unfilled squares, and hard-only sources with good
p_any are shown with orange filled squares. A 99% purity cut on p_any at
0.61 is also applied, and these sources are shown as dark red filled squares.

W1-W2 and W2 magnitudes shown for the eRASS1 hard sample. All hard
sources with p_any less than the threshold of 0.033 are shown as blue unfilled
circles, and sources with good p_any are shown with blue filled circles. Hard-
only sources with p_any less than the threshold of 0.061 are shown as orange
unfilled squares, and hard-only sources with good p_any are shown with
orange filled squares. Tracks as in Salvato et al. (2022) and Fig. 4.12 of this
work are shown in various linestyles and colours. Redshift ticks can be found
at 2 =0.04,0.2,0.4,0.92, and where available, 2z =1.4,3.8. . .. ... ...

Ratio of the semi-major and semi-minor axes of the optical counterparts,
where available. Sources are shown in blue solid lines, and sources in the
hard-only sample are shown in orange dashed lines. The respective median
values are indicated with vertical lines. Only sources with good p_any are
shown. . . . ..

Top: Distribution of BAT 105 month catalog sources in the eROSITA-DE
sky according to type (black), and of matched eROSITA sources according
to BAT type (blue). Bottom: Distribution of BAT 105 month catalog sources
according to BAT class (black), and of matched eROSITA sources according
to BAT class (blue). Hard-only eROSITA sources are shown in orange.

Distribution of column densities log(Ny) of sources with soft X-ray detecti-
ons in the BAT 70 month catalog, shown for sources in the eROSITA-DE

sky (black) and for those matched with eROSITA sources (blue). Hard-only
eROSITA sources are shown in orange. . . . . . . . ... .. ... .....
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4.18

4.19

4.20

4.21

eROSITA 2.3 — 5keV fluxes (ML_FLUX_ 3) and BASS fluxes (2 — 10keV;
Ricci et al. 2017) for Piccinotti AGN (black, open squares), as well as the
other sources in the BAT 70 month sample (circles). Open circles show
the sources with non-detections in eROSITA which have measured column
densities of Ny<10?*5cm~2. The black solid line shows the equivalent 1-
to-1 line assuming a photon index of I' = 1.9 and a column density of
10%°° cm~2 . The red solid line shows the equivalent 1-to-1 line assuming a
photon index of I' = 1.9 and a column density of 10?>% cm~2 . Sources with a
measured column density of < 10%°° cm=2, 10295229 cm =2, 10?*5"23cm 2,
and > 102 cm™2 are indicated with black, dark red, red and orange filled
circles, respectively. . . . . ...

Hard X-ray luminosity versus redshift for various hard X-ray selected samp-
les. eRASS1 AGN are shown as blue circles, eRASS1 hard-only AGN are
shown with orange squares, Swift BAT AGN from the 70 month catalog are
shown as pink x, and the eFEDS hard sample are shown with green tri-
angles. The flux limit of HEAO-1 is shown with a black dashed line. Sources
outside LS10 with spec-z are shown as black crosses. . . . . . . . ... ...

Corner plot resulting from applying the model described in section 4.8.2 to
1eRASS J151012.0-021454. The column log(nH) measures the torus column
density in units of log(Ny) —22, such that a value of 1 corresponds to a
column density of 10%* cm™?. The column log(norm) is the normalisation
of the UXClumpy model, which is also linked to the power law normalisa-
tion. Pholndex is the photon index which is linked between the UXClumpy
and power law components. The column log(factor) is the renormalisation
constant between the reflected and transmitted components modelled by
UXClumpy and the scattered power law component. Finally, norm is the re-
lative normalisation of the background model within the source field, which
should be ~ 1 as we have already accounted for the area differences between
the source and background regions. . . . . . . ... ... L.

Distribution of column densities in the eFEDS hard (green dash-dot lines),
eFEDS hard-only (black solid line), and eRASS1 Hard-only (orange filled
histogram) samples. The column densities from eFEDS are shown for the
AGN sample presented in Nandra et al. (2024), and the eRASS1 hard-only
column densities are from the UXClumpy fits presented in this chapter.
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4.22 Top left: Distribution of the posterior median of the scattering fraction

5.1

5.2

5.3

5.4

(orange unfilled histogram) and lo upper limit of the scattering fraction
(orange filled histogram), shown as a percentage, for the eRASS1 spectros-
copic hard-only sample. Top right: Distributions of the upper limits of the
scattering fraction (shown as percentages) for this sample, in comparison to
the best-fit Chandra results found by Brightman et al. (2014) The distributi-
ons measured from COSMOS, AEGIS-X and CDFS are shown as blue solid,
green dash-dot and red dotted lines, respectively, all taken from Brightman
et al. (2014) The eROSITA values are shown with an orange filled histogram.
The median values are shown in vertical lines of corresponding colours, with
almost exact overlap between the COSMOS, AEGIS-X and CDFS samples.
Bottom: same as upper right, but shown for the median scattering fractions

(). o o oo

Hardness ratios shown for all sources with spectroscopic redshifts (gray),
hard-only sources (red) and sources in the supplementary sample with H R <
0 (black). . . . . .

Luminosity redshift distribution for the golden sample (red squares) and
supplementary sample (black circles), showing only sources with NuSTAR
data, as studied in this chapter. Sources from the eRASS1 hard-only sample
without NuSTAR detections are shown with grey crosses. . . . . ... ..

Optical image cutouts for the 16 sources in this chapter, with the host galaxy
at the centre of each image. All cutouts are taken from coloured composites
from DSS2, for ease of comparison, since all sources are not present in LS10.
All have a 0.05 degree FOV. Source names are indicated at the top of each
image. Border colours correspond to the source class; edge-on spiral galaxies
are purple, face-on spiral galaxies are blue, lenticular galaxies are orange,
elliptical galaxies are red, and unknown class galaxies are in grey. Sources are
organised both by class and by decreasing b/a value. Note that IGR J09523-
6231 is extremely dusty and cannot be readily seen in optical images; the
source is visible in infrared bands. . . . . . ... ..o

Comparison between X-ray spectra from different obscurer geometries in
UXClumpy, showing a comparison between three extreme geometries and
orientations; a near-spherical (TORsigma = 84°) obscurer viewed face-on
(Oine = 0°) (blue solid line), a near-spherical obscurer viewed edge-on (6, =
80°) (black dash-dot line), and a wedge-shaped obscurer (TORsigma = 20°)
viewed edge-on (red dashed line). A column density of 10%* cm~2 and a pho-
tonindex I'=19 areused. . . . . .. . .. .. ... .
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5.5

5.6

5.7

5.8

5.9

5.10

Comparison between X-ray spectra from different obscurer geometries in
UXClumpy, showing two obscurer geometries, with varying column densities;
a spherical (TORsigma = 84°) obscurer viewed face-on (0. = 0°) with
Compton thick covering fractions of 0.1, 0.4 and 0.6 shown as a blue solid
line, black dash-dot line, and navy dotted line respectively, as well as a
wedge-shaped (TORsigma = 20°) obscurer viewed edge-on (6;,. = 80°) with
Compton thick covering fractions of 0.1, 0.4 and 0.6 shown as a purple solid
line, orange dash-dot line, and red dashed line respectively. . . . . . . ..

Comparison between X-ray spectra from different geometries in borus; a
near-spherical obscurer (thTor = 0°) viewed face-on (thlnc = 20°) (blue
solid line), a near-spherical (thTor = 0°) obscurer viewed edge-on (thlnc =
80°) (black dash-dot line), and a wedge-shaped obscurer (thTor = 80°) view-

ed edge-on (thInc = 80°) (red dashed line). A column density of 10%® cm ™2 and

a photon index ' =19 areused. . . . . ... .. ... .. ... ......

Comparison between X-ray spectra from ztbabs (black dash-dot line), UXClumpy

(blue solid line) and borus (red dashed line), using the same column densi-
ty of 102 ¢cm™2, a typical photon index of I' = 1.9, and the same obscurer
geometry for both UXClumpy and borus. All are compared to an unabsorbed
power law with T' = 1.9 (grey solid line). A column density of 10** cm~2 and
a photon index ' =19 areused. . . . . .. .. ... ... ... ......

Best fit photon indices for each class, for each of the spectral models applied
to the NuSTAR data. Photon indices measured from UXClumpy, borus and
zTBabs are shown in black, red and orange, respectively. Mean values each
spectral fit are shown with vertical lines in corresponding colours. . . . . .

Distribution of scattering fraction (%) measured from the eROSITA fits.
Edge-on spiral galaxies are plotted with purple diamonds, face-on spiral
galaxies are plotted with blue squares, lenticular galaxies are shown with
orange circles, elliptical galaxies are shown as red triangles, and unknown
class galaxies are shown as black stars. Sample values and errors are derived
by fitting a Gaussian to stacked posteriors. We stress that all sample values
are upper limits to the derived scattering fractions, and only the face-on
galaxies have non-zero scattering. Measurements and associated errors for
individual sources are shown with small grey circles. . . .. ... .. ...

Top: Spectrum (black; shown only for FPMA), best-fit model (solid red line)
and residuals (data/model; red points) best-fit UXClumpy model applied to
edge-on spiral galaxy ESO 197-27, from the secondary sample. The data and
model have been re-binned for display purposes, but not for spectral fitting.
Bottom: corner plot including posteriors for best-fit UXClumpy model, with
parameter names and meanings matching the column headers in Table 5.5
and in the text. . . . . . . . ..
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5.11

5.12

5.13

5.14

5.15

5.16

5.17

5.18

Distribution of torus obscurer heights, TORsigma, measured with UXClumpy,
as a function of host-galaxy properties. Edge-on spiral galaxies are plotted
with purple diamonds, face-on spiral galaxies are plotted with blue squa-
res, lenticular galaxies are shown with orange circles, elliptical galaxies are
shown as red triangles, and unknown class galaxies are shown as black stars.
Measurements for individual sources are shown with small grey circles. Mean
sample values derived from stacking the posterior of all sources excluding
the edge-on galaxies are indicated with a horizontal black line, and the as-
sociated error is shown with grey dotted lines. . . . . . . .. ... ... ..
Top: Spectrum (black; shown only for FPMA), best-fit model (solid red line)
and residuals (data/model; red points) best-fit UXClumpy model applied to
face-on spiral galaxy NGC 6300, from our golden sample. The data and
model have been re-binned for display purposes, but not for spectral fitting.
Bottom: corner plot including posteriors for best-fit UXClumpy model, with
parameter names matching the column headers in Table 5.5. . . . . . . ..
Top: Line of sight column density, log(Ny), measured with UXClumpy. Cen-
tre: obscurer heights, CTKcover, measured with UXClumpy. Bottom: obscu-
rer inclination angles, 6;,., measured with UXClumpy. . . . .. .. ... ..
Corner plot including posteriors for best-fit UXC1lumpy model applied to ESO
119-8, with parameter names matching the column headers in Table 5.3.
Additional parameters are also described in Fig. 5.10 and Section 5.4. The
torus geometry parameters cannot be well constrained. . . . . .. ... ..
Top: As Fig. 5.14, but for ESO 121-G6. The torus height is near the mini-
mum, suggesting a thin wedge torus, while the inclination is near the ma-
ximum, suggesting it is viewed edge-on. Bottom: corner plot for the ztbabs
model applied to ESO 121-G6, where the column names have the same
meanings. This model has the lowest Bayesian evidence and is therefore the
preferred model, and provides good constraints on the column density and
photon index. . . . . . . . ...
As Fig. 5.14, but for Fairall 272. Paramaters are not well constrained, but
one can reject a very wedge-shaped torus with TORsigma~ 10°. . . . . . .
Top: As Fig. 5.14, but for IC 2461. One can only place weak constraints
on the torus geometry, although this is not the preferred model. Bottom:
corner plot for borus, the preferred model for IC 2461. Here, parameter
values with the same names have the same meaning as above. Row (3)
shows logNHtor, the logarithm of the torus column density, row (4) shows
thTor, the covering angle of the torus (see Section 2), and row (5) shows
thlnc, the viewing angle of the torus (see Section 2). There is evidence for
a wedge shaped torus viewed edge-on, cautioning that here thTor refers to

176

183

the opening angle, not the height, such that large thTor is a very thin torus. 184

As Fig. 5.14, but for IRAS 00521-7054. The corner plot is similar to that
of NGC 6300 (Fig. 5.12), with a maximum (spherical) torus height, a low
inclination, and some preference for a large CTK covering factor. . . . . .
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5.19 As Fig. 5.14, but for LEDA 549777. The torus geometry parameters cannot
be well constrained. . . . . . . .. ... o 186

5.20 As Fig. 5.14, but for J06411806. A wedge-shaped torus is found, with a

double peaked profile for the viewing angle, but likely the source has a
relatively spherical torus viewed edge-on. . . . . ... .. ... .. .. .. 187

5.21 As Fig. 5.14, but for J14104482. The torus geometry parameters cannot be
well constrained. . . . . . . . ... 188

5.22 As Fig. 5.14, but for CGCG 041-020. The torus geometry parameters cannot
be well constrained, but there is some preference for a more spherical torus. 189

5.23 As Fig. 5.14, but for ESO 103-35. There is evidence for a very large TOR-

sigma (spherical torus) viewed face-on, and evidence for a Compton thick
ring with moderate covering fraction. . . . . . . .. .. ... ... ... 190

5.24 As Fig. 5.14, but for IGR J09523-6231. The torus geometry parameters
cannot be well constrained. . . . . .. ... Lo oL 191

5.25 As Fig. 5.14, but for LEDA 93974. A thin torus and an edge-on orientation
are rejected. .. .. 191

5.26 As Fig. 5.14, but for MCG-01-24-12. A very thin absorber is rejected and
we find evidence for a low or absent Compton thick ring. . . . .. ... .. 192

5.27 As Fig. 5.14, but for NVSS J122810-092702. The parameters are similar to

those found in edge-on spiral galaxies, with a very thin torus viewed edge-on. 193
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Summary of detection thresholds for complex absorbers. Column (1) gives
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factor purity threshhold. Column (3) gives the resulting assumed number of
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the number of sources in the sample with K,; values greater than the value
given in column (2) and where the model provides the best fit to the data.
Column (5) gives the assumed number of true detections in the eFEDS hard
X-ray-selected sample of 200 sources. . . . . . . . .. ...

Physical soft excess model abbreviation, and corresponding XSPEC imple-
mentations. . . . . . ...
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Zusammenfassung

In dieser Arbeit werden die Natur und die Eigenschaften supermassereicher Schwarzer Lo-
cher untersucht, welche im Zentrum der meisten Galaxien vermutet werden. Ein gewisser
Prozentsatz (~10%) dieser Schwarzen Locher nimmt aktiv Material aus der Umgebung auf.
Solche Objekte werden als aktive Galaxiekerne (AGN von englisch active galactic nucleus)
bezeichnet. Diese Arbeit konzentriert sich auf die Rontgeneigenschaften von AGN und
untersucht die Emission, die in den innersten Regionen dieser Systeme erzeugt wird. Die
Rontgenstrahlung wird in der heiflen Korona erzeugt, einer Population relativistischer Elek-
tronen mit umstrittener Geometrie, die sich in der Nahe des zentralen Schwarzen Loches
befindet. In dieser Arbeit werden die Rontgeneigenschaften anhand der Daten von eROSI-
TA untersucht. eROSITA, an Bord von SRG, ist der Detektor fiir weiche Rontgenstrahlen,
der eine Durchmusterung der Rontgenemission am gesamten Himmel durchgefiihrt hat. In
dieser Arbeit werden insbesondere Quellen untersucht, die im hochenergetischen (harten)
Rontgenbereich von 2, 3—5, 0 keV ausgewahlt wurden, wo die geringere Empfindlichkeit von
eROSITA zur Erzeugung einer Stichprobe von hellen Rontgenquellen fiithrt, von denen die
meisten AGN sind. Die Untersuchung dieser AGN ermoglicht die direkte Untersuchung der
heiflen Korona, die das Rontgenspektrum von AGN oberhalb von 2keV fast durchgéingig
dominiert, und liefert eine Stichprobe, die relativ wenig durch Absorption beeintréichtigt
wird, insbesondere im Vergleich zur Auswahl der weichen (Haupt-)Rontgenstrahlung von
eROSITA. Entscheidend ist, dass die genaue Modellierung der Korona die weitere Untersu-
chung zusatzlicher Emissions- und Absorptionskomponenten jenseits der koronalen Emissi-
on ermoglicht, was eine detailliertere Untersuchung der inneren Regionen der AGN erlaubt.
Ich werde diese Eigenschaft nutzen, um die Eigenschaften der Korona, der Emission und
der Absorption von Proben ausgewahlter AGN im harten Rontgenlicht zu untersuchen, um
die individuellen und die Ensemble-Eigenschaften zu untersuchen.

Vor Beginn der geplanten Ganzhimmelsdurchmusterung fiihrte eROSITA eine Analyse
eines kleineren Feldes von 140 deg? in der Aquatorebene durch, das als eROSITA Final
Equatorial Depth Survey (eFEDS) bekannt ist. Dies geschah, um die Leistung von eRO-
SITA in der geplanten Durchmusterung des gesamten Himmels in acht Durchgédngen zu
ermitteln. Aus dieser Durchmusterung wurde eine Stichprobe von 254 ausgewéhlten Quel-
len fiir harte Rontgenstrahlung gebildet. In Kapitel 2 beschreibe ich die Bemtihungen, diese
Quellen zu identifizieren, zuzuordnen und zu klassifizieren, indem ich ihre Eigenschaften
bei verschiedenen Wellenléngen vergleiche und spektroskopische und photometrische Rot-
verschiebungen verwende. Als Ergebnis wurde eine Stichprobe von 200 AGN identifiziert.
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Diese AGN-Stichprobe weist eine hohe spektroskopische Vollstdndigkeit auf und bildet ei-
ne Stichprobe vorwiegend heller und lokaler Quellen {iber einen grofien Himmelsbereich,
die sich ideal fiir den Vergleich mit tieferen Durchmusterungen mit hoherer Rotverschie-
bung und vergleichbarem kosmologischen Volumen eignet. Dabei zeigt sich, dass die harten
AGN der eFEDS-Stichprobe vergleichbare Massen und Helligkeiten von Schwarzen Lochern
aufweisen, aber geringere Akkretionsraten als eine komplementéare, hoher rotverschobene
Stichprobe von COSMOS, was im Gegensatz zu anderen Arbeiten auf einen fehlenden
Downsizing-Effekt hinweist. Wéhrend die meisten AGN auch grofle Fliisse weicher Ront-
genstrahlung und weiche Spektren aufwiesen, enthiillte die Analyse auch eine Gruppe von
AGN, die nur Anzeichen fiir Rontgenemission oberhalb von 2.3keV zeigen. Diese sind als
hard-only AGN bekannt und sind Kandidaten fir méfiig oder stark verdeckte AGN, die in
den Hauptproben mit weicher Rontgenstrahlung nicht auftauchen wiirden. Die in diesem
Kapitel entwickelte und vorgestellte Methodik zur Klassifizierung und Untersuchung aus-
gewahlter Proben mit harter Rontgenstrahlung ist von entscheidender Bedeutung fiir die
Anwendung auf die viel groflere Ganzhimmelsdurchmusterung eRASS:1.

In Kapitel 3 wird dieselbe Stichprobe von 200 AGN, die in Kapitel 2 erstellt wurde,
spektroskopisch modelliert, wobei eine Vielzahl von phanomenologischen und physikali-
schen Modellen verwendet wird, um auf thermische Emission, nicht-thermische Emission,
ionisierte warme Absorption, neutrale fleckige Absorption, relativistische unscharfe Refle-
xion von der inneren Akkretionsscheibe und auf das Vorhandensein einer sekundéren, kiih-
leren (warmen) Korona zu testen. Fiir jede Quelle wird zunéchst ein durch die galaktische
Absorption und die Absorption der Wirtsgalaxie modifiziertes koronales Leistungsgesetz
zugrunde gelegt und dann jede zusétzliche Emissions- oder Absorptionskomponente einzeln
berechnet. Ein Bayesianischer Ansatz wird verwendet, um die besten Anpassungsparame-
ter fiir jedes Modell zu bestimmen, und der Bayesianische Modellvergleich wird genutzt,
um einen Modellvergleich durchzufiihren. Durch eine umfangreiche Reihe von Simulationen
wird ermittelt, wo eine Modellkomponente bei verschiedenen Signifikanzniveaus als stati-
stisch signifikante Anpassungsverbesserung angesehen werden sollte. Das Ergebnis dieser
Analyse ist, dass das allgemein berichtete Phdnomen des weichen Rontgeniiberschusses,
also des Uberschusses an Photonen unterhalb von ~ 2keV, nicht durch einen einzigen
Mechanismus erzeugt wird, sondern durch eine Vielzahl von Mechanismen, die von der
Quelle abhiangen. Wir stellen fest, dass weiche Uberschiisse fast zu gleichen Teilen durch
eine sekundére Korona, einen warmen Absorber und einen neutralen, teilweise bedeckenden
Absorber erzeugt werden. Der thermische Ursprung wird stark abgelehnt, und ein relativi-
stisches Modell der unscharfen Reflexion wird nur fiir eine kleine Minderheit von Quellen
bevorzugt. Die Analyse zeigt den Reichtum und die Komplexitit des weichen Uberschusses
und verdeutlicht die Notwendigkeit einer sorgfiltigen Spektralanalyse selbst bei Spektren
mit geringem Signal, um die zugrunde liegende spektrale Form korrekt zu messen.

Die in den Kapiteln 2 und 3 fiir das eFEDS-Feld gewonnenen Erkenntnisse werden in
Kapitel 4 zundchst auf die erste eROSITA Ganzhimmelsdurchmusterung (eRASS:1 von
englisch eROSITA all-sky survey) angewendet. Es werden insgesamt 5466 ausgewéhlte
Quellen im 2,3 — 5keV-Band dargelegt. Nach der Entfernung von falschen Entdeckungen
und ausgedehnten Quellen, bei denen es sich wahrscheinlich nicht um AGN handelt, verblei-
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ben 4985 Quellen. Je nachdem, wo am Himmel sie sich befinden, werden diese Quellen zur
Identifizierung mit Mehrwellenldngenkatalogen abgeglichen und anschliefend anhand ihrer
Eigenschaften klassifiziert, wobei der Ansatz aus Kapitel 2 verfolgt wird. Nach dem Entfer-
nen der Kandidaten fiir gebeamte AGN/Blazare identifiziere ich eine Stichprobe von 1328
AGN mit spektroskopischen Rotverschiebungen, die von sehr lokalen AGN von z ~ 0.003
bis z > 3 reichen. Ahnlich wie in eFEDS bilden die harten Réntgen-AGN eine helle und
lokale Stichprobe, die sich jedoch auf hohere Rotverschiebungen und geringere Helligkei-
ten als andere All-Sky-Roéntgendurchmusterungen in verschiedenen Energiebereichen (z.B.
HEAO-1, Swift-BAT) erstreckt und somit eine duflerst komplementére Stichprobe fir zu-
kiinftige Untersuchungen darstellt. Im Vergleich zu Swift-BAT erweist sich eROSITA als
sehr empfindlich fiir nicht verdeckte AGN vom Typ 1. Wie bei eFEDS leuchten die meisten
Quellen hell im weichen Rontgenlicht. Eine Minderheit (29) der AGN mit bekannten spek-
troskopischen Rotverschiebungen (spec-z) strahlen nur oberhalb von 2, 3 keV und bilden die
,hard-only“-Stichprobe. Diese Quellen sind eher in AGN vom Typ 2 zu finden und haben
Saulendichten in der Gréfienordnung von 10?3725 cm™2 | was zeigt, dass eROSITA in der
Lage ist, verdeckte, Compton-diinne AGN zu entdecken. Diese Quellen befinden sich nach-
weislich in von der Seite betrachteten Galaxien, und zeigen eine geringere Streuung weicher
Rontgenstrahlung als erwartet, was auf einzigartige Eigenschaften im Vergleich zu anderen
ausgewahlten Quellen fiir harte Rontgenstrahlung hindeutet. Die eRASS1-Stichprobe ist
nachweislich ein reichhaltiger Ausgangspunkt fiir die spektrale Modellierung oder fir die
Auswahl einzigartiger Unterstichproben fiir eine eingehende Analyse.

Kapitel 5 baut auf der in Kapitel 4 identifizierten Stichprobe von 29 ausschliefSlich har-
ten AGN mit spec-z auf, mit dem Ziel, die einzigartigen Eigenschaften von Typ-2-AGN mit
geringer Streuung im weichen Rontgenlicht besser zu verstehen. Dazu wird zunéchst eine
weitere Quelle mit spec-z identifiziert und eine ergdnzende Stichprobe sehr harter AGN
hinzugefiigt. Diese werden dann mit bestehenden NuSTAR-Datensétzen abgeglichen, um
Rontgenspektralinformationen im Bereich von 3 — 79keV zu erhalten. Fir die 16 Quel-
len, fiir die NuSTAR-Daten verfiigbar sind, wird eine detaillierte Spektralmodellierung
durchgefiihrt, bei der mehrere Absorberstrukturen und -geometrien getestet werden. Ich
zeige, dass die Mehrheit dieser AGN mit geringer Streuung ein klumpiges Absorbermodell
stark bevorzugt, was auf eine komplexe Struktur hindeutet, die wahrscheinlich mit der Ab-
sorption auf pc-Ebene im staubigen Torus zusammenhéangt. Vorlaufige Unterschiede wer-
den zwischen Quellen unterschiedlicher Wirtsgalaxiemorphologien gefunden, wobei frontale
Spiralgalaxien und elliptische Galaxien einen sphéarischen klumpigen Torus benétigen, um
die beobachtete Spektralform zu erzeugen, wahrend von der Seite betrachtete Spiralgala-
xien Hinweise auf grofirdumige neutrale Absorption zeigen, wahrscheinlich aufgrund der
galaktischen Scheibe. Die Modellierung zeigt auch eine Vorliebe fiir steilere Photonenin-
dizes als erwartet, die denen von AGN des Typs 1 dhnlicher sind. Dies ist wahrscheinlich
ein Zeichen dafiir, dass die Verwendung des richtigen Spektralmodells fiir jede Quelle fiir
eine korrekte Charakterisierung des koronalen Photonenindexes unerlisslich ist. Dies un-
terstreicht die Bedeutung einer sorgféiltigen Modellierung grofler Stichproben, bei denen
die Eigenschaften der Korona eingeschrénkt werden kénnen.
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Abstract

This thesis examines the nature and properties of supermassive black holes, which are
believed to lie at the centres of most galaxies. Of these, some percentage (~ 10%) are
actively accreting material from their surroundings, and are known as active galactic nuclei
(AGN). This thesis concentrates on the X-ray properties of AGN, studying the emission
produced in the innermost regions of these systems. X-rays are produced in the hot corona,
a population of relativistic electrons of debated geometry located close to the central black
hole. This thesis studies the X-ray properties using data from eROSITA, the soft X-ray
detector aboard SRG, which has performed a survey of X-ray emission across the entire
sky. This thesis specifically examines sources selected in the higher energy (hard) X-ray
regime of 2.3 — 5keV, where the reduced sensitivity of eROSITA results in the production
of a bright sample of X-ray sources, the majority of which are AGN. The study of these
AGN permits the direct probing of the hot corona, which almost universally dominates
the X-ray spectrum of AGN above 2keV, and provides a sample which is relatively less
biased to the effects of absorption, especially relative to the eROSITA soft (main) X-
ray selection. Crucially, the accurate modelling of the corona enables further probing of
additional emission and absorption components beyond the coronal emission, allowing for
a more detailed probing of the inner regions of the AGN. I will exploit this property in
order to study properties of the corona, emission, and absorption from samples of hard
X-ray selected AGN to study the individual and ensemble properties.

Prior to beginning the planned all-sky survey, eROSITA performed an analysis of a
smaller, 140 deg?® field in the equatorial plane, known as the eROSITA Final Equatorial
Depth Survey (eFEDS). This was done to ascertain the performance of eROSITA in the
planned, eight-pass, all sky survey. From this survey, a sample of 254 hard X-ray selected
sources was formed. In Chapter 2, I present the efforts to identify, associate and classify
these sources by comparing multiwavelength properties and using spectroscopic and pho-
tometric redshifts. As a result, a sample of 200 AGN is identified. This sample of AGN
has high spectroscopic completeness, and forms a sample of primarily bright and local
sources over a large sky area, ideal for comparison with deeper, higher redshift surveys
of comparable cosmological volume. Doing so reveals that the eFEDS hard sample AGN
show comparable black hole masses and luminosities but lower accretion rates than a com-
plementary, higher redshift sample from COSMOS, showing a lack of downsizing effect,
contrary to other works. While most AGN also showed large soft X-ray fluxes and soft
spectra, the analysis also revealed a sample of AGN which only show evidence for X-ray
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emission above 2.3 keV known as hard-only AGN, which are candidates for moderately or
heavily obscured AGN which would not appear in the main, soft X-ray selected eROSITA
samples. The methodology developed and presented in this chapter to classify and study
the hard X-ray selected samples is crucial for application to the much larger all-sky survey,
eRASS:1.

In Chapter 3, the same sample of 200 AGN created in Chapter 2 is modelled spec-
troscopically using a variety of phenomenological and physical models to test for thermal
emission, non-thermal emission, ionised warm absorption, neutral patchy absorption, rela-
tivistic blurred reflection from the inner accretion disc, and for the presence of a secondary,
cooler (warm) corona. A baseline coronal power law modified by Galactic and host-galaxy
absorption is first applied to each source, then each additional emission or absorption com-
ponent is applied individually. A Bayesian approach is employed to determine the best fit
parameters for each model and Bayesian model comparison is exploited to perform model
comparison. Through a extensive series of simulations, I determine where a model com-
ponent should be considered a statistically significant fit improvement at various levels of
significance. The result from this analysis is that the commonly reported phenomenon of
the X-ray soft excess, or surplus of photons below ~ 2keV, is not produced by a single
mechanism; but rather through a variety of mechanisms depending on the source. We find
nearly equal prevalence of soft excesses produced by a secondary corona, a warm absor-
ber, and a neutral partial covering absorber. The thermal origin is found to be strongly
disfavoured, and a relativistic blurred reflection model is preferred for a small minority
of sources. The analysis demonstrates the richness and complexity of the soft excess, and
demonstrates the necessity of careful spectral analysis even for low signal spectra in order
to properly measure the underlying spectral shape.

The lessons learned from Chapters 2 and 3 for the eFEDS field are first applied to the
first eROSITA All-sky survey (eRASS:1) in Chapter 4. A total of 5466 sources selected in
the 2.3—5keV band are presented. After removing spurious detections and extended sources
which are unlikely to be AGN, 4985 sources remain. Depending on where in the sky they are
located, these sources are then matched with multiwavelength catalogues for identification
purposes and are subsequently classified based on their properties, following the approach
in Chapter 2. I identify a sample of 1328 AGN with spectroscopic redshifts, ranging from
very local AGN of z ~ 0.003 to z > 3, after removing candidate beamed AGN /blazars.
Similar to what was found in eFEDS, the hard X-ray AGN form a bright and local sample,
but extending to higher redshifts and lower luminosities than other all-sky X-ray surveys in
different energy regimes (e.g. HEAO-1, Swift-BAT), thus forming a highly complementary
sample for future study. Comparing to Swift-BAT, eROSITA is found to be highly sensitive
to unobscured, type-1 AGN. Also as in eFEDS, most sources shine bright in soft X-rays,
but a minority (29) AGN with spectroscopic redshifts were found to only radiate above
2.3keV, forming the hard-only sample. These sources are more likely to be hosted in type-2
AGN, and have column densities on the order of 10%=%-%cm~2, showing that eROSITA
is capable of detecting obscured, Compton thin AGN. These sources are also shown to be
hosted in more edge-on galaxies, and are found to show lower than expected soft X-ray
scattering, suggesting unique properties as compared to other hard X-ray selected sources.
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The eRASS1 hard sample is demonstrated to be a rich starting point for spectral modelling,
or for selecting unique subsamples for in-depth analysis.

Chapter 5 builds upon the sample of 29 hard-only AGN with spec-z identified in Chapter
4, with the goal of better understanding the unique properties of low soft X-ray scatte-
ring, type-2 AGN. This is begun by identifying one additional source with a spec-z, and
adding a complementary sample of very hard AGN. These are then matched against exi-
sting NuSTAR data sets in order to obtain X-ray spectral information in the 3 — 79 keV
range. For the 16 sources which have NuSTAR data available, detailed spectral modelling
is performed, testing multiple absorber structures and geometries. I demonstrate that a
majority of these low scattering AGN strongly prefer a clumpy absorber model, suggesting
a complex structure, likely associated with pc scale absorption in the dusty torus. Tentative
differences are found between sources of different host galaxy morphologies, where face-on
spiral and elliptical galaxies require a spherical clumpy torus to produce the observed spec-
tral shape, whereas edge-on spirals show evidence for large-scale neutral absorption, likely
in the galactic disc. The modelling also shows preference for steeper than expected photon
indices more similar to those found in type-1 AGN, which is likely a sign that using the
correct spectral model for each source is essential for proper characterisation of the coronal
photon index, further highlighting the importance of careful modelling of large samples
where properties of the corona can be constrained.
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Kapitel 1

Active Galactic Nuclei and X-ray
Astronomy

In this chapter, I will introduce the main science driver of this thesis, active galactic nuclei,
powered by supermassive black holes which are actively accreting material. This thesis
studies AGN using X-ray observations. I will present an overview of their key emission
properties and classification methods, and then provide a more detailed overview of the
X-ray emission mechanisms and spectral components. I will then focus on the origins and
development of X-ray astronomy and X-ray studies of AGN, and present the eROSITA
instrument onboard the Spektrum-RG mission, a novel X-ray telescope which has observed
and found over a million accreting supermassive black holes. I will describe eROSITA hard
X-ray selected samples of AGN and their advantage. Finally, I will provide an outline of
this thesis.

1.1 Black holes

1.1.1 Astrophysical black holes

In 2019, the first direct image of a black hole was produced by the Event Horizon Telescope
(EHT), to the great excitement of scientists and the public alike (Event Horizon Telescope
Collaboration et al. 2019). The target was Messier 87, a nearby massive galaxy with a
supermassive black hole with a mass of several billion suns at its centre (Event Horizon
Telescope Collaboration et al. 2019). In the dark central region, the image encompasses
the event horizon, the region in which the gravitational pull of the black hole is so strong
that even light cannot escape.

Black holes were first theorized in the 18th century, born from simple Newtonian me-
chanics arguments in a letter by John Michell, who theorized that there may be stars with
sufficient gravity such that the escape velocity;

2GM
Vese = (1.1)
r
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Abbildung 1.1: First image of a black hole (M87%*) released by the Event Horizon Telescope
on April 10, 2019. The rings around the image show light which is bent around the black
hole by extreme general relativistic effects. Credit: Event Horizon Telescope Collaboration.

where G is the gravitational constant, M is the mass of the star, and r is the radius, would
exceed the speed of light ¢ = 2.98 x 10® cm s~!. At this point, light would not be emitted,
resulting a in object dubbed a dark star. The idea was abandoned once the wave nature
of light was discovered, as it was not clear that gravity would affect light in this way. The
idea was reprised by (Oppenheimer & Snyder 1939), who again posited that a stellar core
would continue to collapse if another stable state was not created, where the gravitational
radius and mass of the star would be related by;

_2GM

c2

Tg (1.2)

which a simple rearrangement of equation one in the boundary where the escape velocity
approaches the speed of light. This is also defined as the Schwarzschild radius, Rg. The
concrete discovery of a stellar mass astrophysical black hole was later confirmed in 1971, a
black hole around which a companion star is orbiting, named Cygnus X-1 (Bowyer et al.
1965; Bolton 1972; Webster & Murdin 1972).

Perhaps the most direct proof of a supermassive black hole prior to the EHT observati-
ons came from studying the centre of the Milky Way. In 2020, Reinhard Genzel and Andrea
Ghez were awarded the 2020 prize in Physics for their respective studies of the black hole
at the centre of out Galaxy, Sgr. A*. Both respective collaborations traced infrared emis-
sion from stars closest to the galactic centre, and by tracing their movements over long
timescales, inferred the presence of an object with a mass of ~ 4 x 10° solar masses (Genzel
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et al. 1997; Ghez et al. 1998, 2000) and localized to an of 0.05£0.04 arcseconds (Ghez et al.
2000), comparable to the size of our solar system. This object can only be a supermassive
black hole. Sgr A* was the observed by EHT (Event Horizon Telescope Collaboration et al.
2022), directly imaging the supermassive black hole.

Black holes span an enormous mass range from a few solar masses up to several billions,
and can thus be divided into different categories based on their mass. Stellar mass black
holes have masses of the order of ~few M® (Ozel et al. 2010), and are the end points of the
evolution of massive stars (Woosley & Weaver 1995; Heger et al. 2003). These are typically
found in binary systems where they accrete mass from a donor star (e.g. see Bolton 1972;
Webster & Murdin 1972, for Cyg X-1). On the other end of the mass range, supermassive
black holes have masses of ~ 10° — 10 M® and are found at the centres of virtually all
galaxies (e.g. Schmidt 1978; Soltan 1982). These sources typically grew to such large masses
via a combination of accretion from their surroundings, and via mergers with other SMBH;
however, the precise growth channels of SMBH are not yet fully understood, especially in
the early Universe (e.g. see discussion in Goulding et al. 2023).

1.1.2 Characterisation of black holes

Having established the existence of black holes, it becomes of great existence to learn how
to describe and characterise them, and to better understand their fundamental properties.
According to the no-hair theorem (Israel 1967; Robinson 1975), all black holes can be
uniquely described based on three properties;

e Their mass, M
e The electric charge, Q

e The angular momentum, J

The charge Q is likely to be ~ 0 in an astrophysical context, so astrophysical studies of
black holes focus on determining black hole mass and angular momentum.

The black hole mass can be measured using a variety of techniques. For stellar mass
black holes, this is done by measuring the orbital period and velocity of the companion
star in order to infer the mass function, the lower limit on the mass of the black hole
(Remillard & McClintock 2006; Ozel et al. 2010). For supermassive black holes, such a
direct measurement is not typically possible, as resolving the motion of individual stars or
gas orbiting the black hole is impossible in most cases; notable exceptions include the use of
the EHT (e.g. Event Horizon Telescope Collaboration et al. 2019, 2022) or GRAVITY (e.g.
Gravity Collaboration et al. 2018). A thorough review of the variety of direct and indirect
mass measurement techniques is given in Peterson (2014). For sources where the mass
cannot be directly measured, reverberation mapping (Peterson 1993), where time delays
due to light travel time between different physical emission regions, can be used to precisely
infer black hole masses. However, this approach requires high cadence, long baseline data
sets (Peterson 2014). Instead, black hole mass measurements from reverberation mapping
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campaigns can be used to calibrate scaling relations to infer black hole mass from other
properties; perhaps most notably for this thesis, through measuring the widths of broad
permitted optical lines (e.g. Peterson & Wandel 1999, 2000; Bentz et al. 2010; Shen et al.
2011). More discussion is also given in Chapters 2 and 3.

The angular momentum is usually characterised using the dimensionless spin parameter
(e.g. see Reynolds 2021, for a recent review);

cJ

e (1.3)

laf =
where M is the black hole mass, and J is the angular momentum. The black hole spin |a|
can take on values of 0 (non spinning) to 0.998 (maximum spin). A negative, or retrograde
spin, implies that the black hole spin is in the opposite direction to that of the accretion
disc. The black hole spin has an impact on the innermost stable circular orbit, or ISCO;
the smallest stable circular orbit that a test particle can remain in. For non spinning black
holes, the ISCO is risco ~ 3 Ry ~ 6GM/c?, but approaches ~ 0.5 Ry ~ GM/c? for a
maximum spinning black hole and extends to ~ 4.5 Ry ~ 9GM/c? for retrograde spin (e.g.
see Figure 1 of Reynolds 2021).

There are two crucial tools for performing black hole spin measurements; through mo-
delling of the X-ray reflection spectrum, and through thermal continuum fitting. The ther-
mal continuum fitting method (Zhang et al. 1997; McClintock et al. 2014) relies on the fact
that more rapidly spinning black holes will have hotter inner disc temperatures due to the
closer proximity to the black hole. This method is impractical for most accreting super-
massive black holes, since other emission mechanisms will dominate over the accretion disc,
and the UV peak is difficult to observe due to absorption. Instead, X-ray reflection model-
ling (see Fabian et al. 1989; George et al. 1998; Ross et al. 1999, Chapter 3) is preferred.
The X-ray reflection spectrum produces a multitude of emission line features, including a
prominent fluorescent emission line at 6.4 keV from neutral iron, Fe Ka(e.g. Nandra et al.
1997b). As the inner disc (ISCO) moves closer to the black hole, the fluorescent emission
line photons are subject to stronger general relativistic effects and are gravitationally reds-
hifted (e.g. Tanaka et al. 1995; Fabian et al. 2009). Through measuring the emission line
profile, the gravitational redshift can be inferred, and hence the ISCO and therefore black
hole spin (see Reynolds 2021, and references therein). A schematic showing the effects of
spin on the reflection profile is shown in Fig. 1.2.

1.1.3 Active Galactic Nuclei

The study of black holes continues to be of key importance for astronomers across multiple
sub-fields. Supermassive black holes are understood to be found at the centre of virtually
every massive galaxy. However, only around 10% are believed to be active (Schmidt 1978;
Bongiorno et al. 2012; Georgakakis et al. 2017); this means that they are actively accreting
material from their surroundings (Salpeter 1964). Black holes alone in isolation do not
emit electromagnetic radiation, so must be found via observing gravitational effects on
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Abbildung 1.2: Schematic showing the effects of black hole spin on the reflection spectrum,
in particular the Fe Ka emission line at 6.4 keV. Top: retrograde spin results in a larger
ISCO, and thus a narrower Fe Ko line. Middle: a non-spinning (Schwarzchild) black hole,
showing moderate gravitational redshifting of the red wing of the Fe Ka line. Bottom:

maximum spin, showing the most extreme relativistic effects and an extremely broad red
wing on the Fe Ka line. Image credit: NASA /JPL-Caltech
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surrounding material, or through the study of accreting systems (Zel’dovich & Novikov
1971).

The first AGN to be recognized as a distant, extragalactic object emitting from an
extremely compact region was 3C 48, followed closely by 3C 273 (see e.g. Schmidt 1963;
Hazard et al. 1963). Both sources were first detected in radio surveys, and a search was
performed to find a counterpart in optical emission. The optical spectra for both sources
were unlike anything expected at the time, both objects were exceedingly bright, but sho-
wed broad optical lines that could not be associated with any known elemental transition
at no cosmological redshift (z = 0). These sources were classified as quasi-stellar objects,
or QSOs. Schmidt (1963) correctly identified that the lines in the 3C 273 spectrum exactly
matched the expected spectrum from hydrogen, but at a higher redshift of z = 0.158;
3C 48 was found to be at an even higher redshift of z = 0.367. Given the large cosmo-
logical distances to the galaxies but extremely bright magnitudes, it was concluded that
both galaxies hosted accreting supermassive black holes, required to produce such extreme
luminosities in compact areas (e.g. see Sandage 1965). AGN radiate with luminosities:

L =eMc (1.4)

where € is the accretion efficiency (Thorne 1974) of ~ 0.1 — 0.4 depending on the spin, and
M is the mass accretion rate.

The point at which the minimum outwards radiative force of these accreting sources is
balanced by the inwards gravitational force, assuming only electron scattering from fully
ionised Hydrogen, is known as the Eddington luminosity;

drGMmyc

or

LEdd = (15)

where M is the mass of the black hole, m,, is the mass of a proton, and o is the Thomp-
son cross-section for electron scattering. AGN show typical luminosities of 0.01 — 1Lgqq,
suggesting they are accreting at a large fraction of the Eddington limit. Luminosities of
106747 ergs s™' em™2 can be reached for moderate SMBH with masses M~ 105M® (e.g.
see Woo & Urry 2002).

Continued study of AGN has revealed much about their nature. AGN are responsible
for some of the most extreme, energetic, and luminous phenomena in the Universe. The
growth of black holes by accretion is one of the most efficient mass-to-energy conversion
processes, with efficiencies of 10-40%, a remarkable 10-100x more efficient than nuclear
fission and fusion, respectively. AGN are found to radiate across all wavelengths of light,
from radio emission (e.g. from relativistic jets; Schmidt 1963) to y-rays (see e.g. Madejski
& Sikora 2016, for a review). The inner structure of AGN is violent and complex, and
numerous components and physical processes are responsible for the observed spectral
energy distributions (SED). These features will be described in Section 1.2.
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Abbildung 1.3: Cartoon image (not drawn to scale) showing a side view of the structure
of emission regions of an AGN. At the centre lies the SMBH (black). The accretion disc
is shown in grey, the X-ray corona is shown in dark blue, the broad line region (BLR) is
shown in pink, the narrow line region (NLR) is show in purple, and the torus is shown in
green. An idea of the scale of the emitting regions is shown in the top left corner.

1.2 Emission from AGN

1.2.1 The accretion disc

A key characteristic of active galactic nuclei is the presence of an accretion flow onto the
black hole which radiates light isotropically. When matter comes sufficiently close, the
extreme gravitational field surrounding the black hole pulls the material inwards. The
accretion flow is then most likely believed to form a disc (e.g. Pringle & Rees 1972).
A side-view cartoon of an accretion disc and other emitting components surrounding an
SMBH is shown Fig. 1.3. In stellar mass black holes, where the accretion disc is produced
from infalling material from a companion star. In the accretion disc, magnetic fields and
other effects produce turbulent motions (e.g. see Papaloizou & Lin 1995; Blaes 2014, and
references therein), which enables the transfer of angular momentum outwards; this loss
of angular momentum then causes material to fall inwards. Gravitational potential energy
from infalling material is then radiated as heat, producing the observed emission in optical
and UV in AGN, and UV /X-rays in stellar mass black holes.

The accretion flow is commonly described by the thin disc model, described in detail in
Shakura & Sunyaev (1973), where emission from matter in an optically thick, geometrically
thin accretion disc is described, where exact properties and spectrum of the disc depends
on the matter inflow rate, M (Shakura & Sunyaev 1973). From there, the disc temperature
can be estimated as:
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MO\ VA \ VA —3/4
T ~ 506V ; . (1.6)
108M® MEdd T'g

where T is the disc temperature, M is the mass of the supermassive black hole, Mpqq is
the mass accretion rate at which the black hole radiates at Eddington luminosity, Lgaq/ c?,
and r is the radius at the point where the temperature is being estimated. The accretion
disc radiates as a multi-temperature, multi-color blackbody; where each annulus of roughly
constant radius and temperature radiates a blackbody spectrum:

2hc? 1

B\,T) = —
(7) A5e%_1

(1.7)
where h is Planck’s constant, c is the speed of light, A is the wavelength at which the peak
of the blackbody is located, and T is the temperature. For AGN, the peak of the emission
is in the ultraviolet, and larger radii produce optical continuum emission. This ultraviolet
peak is sometimes referred to as the big blue bump (e.g. Malkan 1983; Czerny & Elvis
1987; Zhou et al. 1997).

1.2.2 The hot corona

The main topic of this thesis is the study of the X-ray properties of accreting supermassive
black holes. The primary source of X-ray emission is the hot corona (Haardt & Maraschi
1991, 1993; Merloni & Fabian 2003), a population of relativistic electrons lying in the
vicinity of the black hole. As discussed in Sect. 1.2.1, UV seed photons are emitted from
the inner layers accretion disc. When these are incident upon the corona, they are Compton
upscattered; the electrons and photons undergo inverse Compton collisions, and energy is
transferred from electrons to the photons (Sunyaev & Truemper 1979). This processed is
also referred to as Comptonisation. A cartoon of this process (not drawn to scale) is shown
in Fig. 1.4. It can be seen that while some UV emission from the isotropic disc is radiated
away from the corona, other UV photons feed the corona and are re-radiated as X-rays.

Since the disc can be approximated as a multi-temperature blackbody, the multiple
blackbody emission components at different temperatures are up-scattered, and the resul-
ting X-ray photons take approximately the form of a power law; F = nE~", where I is the
slope or index of the power law (e.g. Rybicki & Lightman 1979; Nandra et al. 1997a). This
power law typically dominates the high energy or hard X-ray spectrum above ~ 1 —2keV,
and will be discussed extensively in the following chapters.

The power law has a low-energy cut-off from the seed photon population, corresponding
to the temperature of the accretion disc. This temperature depends on the radius and
black hole mass, but will typically be on the order of a few eV for a typical AGN of mass
108M® and will not be readily measurable in the X-ray spectrum. There is also a high
energy cut-off around 50 — 200keV (see e.g. Fabian et al. 2015, and references therein),
corresponding to the electron temperature in the corona. This parameter is of great interest
to our understanding of the overall structure, opacity, and physical processes occurring
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Abbildung 1.4: Cartoon image (not drawn to scale) showing the innermost few r, of the
AGN. The SMBH (black) at the centre is surrounded by the accretion disc, shown in
grey. UV seed photons are emitted isotropically from the disc. Some are then emitted in
the direction of the corona; these photons are then Compton up-scattered, producing the
observed X-ray emission.

withing the corona, and can be measured with high energy X-ray instruments, including
Integral, Swift-BAT or NuSTAR (see e.g. Petrucci et al. 2001; Fabian et al. 2015; Tortosa
et al. 2018; Middei et al. 2019). Further investigation is also needed to study possible
correlations of coronal temperature with other properties, including AGN class and black
hole mass (Akylas & Georgantopoulos 2021).

Microlensing experiments have been used as a tool to probe the physical size of the
corona (e.g. see Morgan et al. 2008; Mosquera et al. 2013; Reis & Miller 2013, and references
therein). Microlensing is the process in which light from a background object (here a quasar)
is gravitationally lensed due to the presence of a foreground object, causing the light to
bend around it. The effects of microlensing increase as the scale size decrease, such that
strong lensing effects would be produced in a small physical region (Reis & Miller 2013).
Through the X-ray study of microlensing in lensed quasars, the corona is found to be
compact, with sizes ranging from ~ 1 — 40r, (Mosquera et al. 2013; Reis & Miller 2013).

X-ray variability studies also find the corona to be compact, likely < 107, (Risaliti
et al. 2011; Kara et al. 2013; Reis & Miller 2013; Sanfrutos et al. 2013; Uttley et al. 2014).
The X-ray varaibility studies are mostly performed using a technique known as X-ray
reverberation mapping (Uttley et al. 2014), and a cartoon diagram is presented in Fig. 1.5.
The physical explanation for this process is that as the corona emits, some photons are
expected to be emitted in the direction of the inner accretion disc. These X-ray photons
will reflect off of the inner accretion disc, producing a reflection spectrum consisting of a
blend of emission features in the soft X-rays (Ross et al. 1999; Ross & Fabian 2005). As
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Abbildung 1.5: Cartoon image (not drawn to scale) demonstrating the physical motivation
for reverberation mapping. The SMBH is shown in black, the accretion disc is shown in
grey, and the corona is shown in blue. Variability in the corona is propagated to the reflected
emission from the accretion disc, with a time delay corresponding to the light travel time
including general relativistic effects.

fluctuations occur in the corona, this would produce variability which is observable in the
power law component. These photons will then travel to the accretion disc, and the same
change will be observed in the reflected component, with a delay corresponding to the light
travel time including general relativistic effects. Kara et al. (2016), amongst others, have
performed this analysis on numerous AGN, typically recovering a coronal height of ~ 107,
above the central black hole.

This is also revealed using eclipse studies, whereby obscuring material passes between
the observer and the corona (e.g. Risaliti et al. 2007, 2009; Gallo et al. 2021), which can be
used to estimate both the size of the corona and the proximity of the surrounding material
to the corona. It is likely that the corona is also extended - Recent results from polarization
studies of AGN (e.g. Marinucci et al. 2022; Pal et al. 2023) seem to suggest a horizontally
extended geometry, where the corona extends over some region of the inner disc. Such
properties are hinted at in the cartoon showing emission from the corona (Fig. 1.4. Un-
derstanding the nature and structure of the corona as well as how it forms and varies over
time, is a crucial element in understanding the nature of the inner structure and accretion
flow of the AGN. Accurate modelling of the coronal X-ray emission is also an essential
prerequisite for the study of additional features of the X-ray spectrum.
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1.2.3 Narrow-line region (NLR) and broad-line region (BLR)

AGN typically show evidence for narrow emission lines produced in the so-called narrow-
line region (NLR; Seyfert 1943; Antonucci & Miller 1985), gas clouds which can extend to
large scales around 100 — 300 pc (resolved for nearby sources Garcia-Burillo et al. 2016;
GRAVITY Collaboration et al. 2020a,b). The optical spectra of AGN show evidence for
power law like continuum superimposed with a combination of emission lines (Khachikian
& Weedman 1974). The NLR is shown in Fig. 1.3 in violet, at the bottom of the cartoon
(not to scale). This gas has been heated by radiation from the AGN, and thus produces
ionised fluorescent emission features. These lines typically have widths of 200 —900 km s~ !,
suggesting a slow rotation speed around the central black hole (e.g. see Vaona et al. 2012).

In some sources, broad permitted optical lines (Khachikian & Weedman 1974) with
full-width-half-maximum (FHWM) 1000 — 50,000 km s~! have been observed (Peterson
2006), including prominent broad Hea, HS, Mg II and CIV. These broad lines originate
in the broad-line region (BLR), which is located closer to the black hole, likely inside the
torus, on scales of 0.01 — 1 pc (see Peterson 2006, for a review). The BLR is also shown in
pink in the cartoon of Fig. 1.3, and is likely to be found at the outer regions of the disc,
within the confines of the torus.

The presence or absence of broad lines have been proposed to be explained by the AGN
unification model (Antonucci 1993), where sources with broad optical lines are viewed face-
on Seyfert 1 or type-1 AGN and provide a direct view of the central emitting region, while
sources without broad lines are viewed edge-on, known as Seyfert 2 or type-2 AGN where
the torus obscures the BLR typical spectra of type-1 and type-2 AGN. Fig. 1.6 shows
the striking differences between the typical optical spectra of type-1 and type-2 AGN.
The Seyfert 1 AGN (top panel) shows a strong blue continuum at low wavelengths, very
prominent broad lines associated with broad Ha, HB, Hy MgII and CIV, as well as narrow
lines associated with forbidden O[ITI] transitions around 5007 Angstrom. The type 2 AGN
(bottom panel) shows more reddening, and shows many narrow permitted and forbidden
emission lines, but no broad features.

The BLR shows evidence for complex structure, including inflowing or outflowing mate-
rial (e.g. see Czerny et al. 2019). By assuming that the BLR is virialized (e.g. see Peterson
& Wandel 1999) and moving in a Keplerian orbit (Baldwin 1997; Baldwin et al. 2003; Pado-
vani et al. 2017), the FWHM of the BLR lines can be used to estimate the black hole mass;
this process is described in more detail in Sect. 1.1 and 2.2.3. This mass determination
makes the BLR a key area of study for better understanding AGN.

1.2.4 The dusty torus

Moving further away from the SMBH, studies of infrared emission from AGN suggests large
dusty region at parsec scales. This dusty region is known as the torus Antonucci & Miller
(1985), a possibly toroidal or spherical structure with varying covering factor. The torus
was introduced as the source of the obscuration relevant to the AGN unification model,
where the lack of observable broad lines and absorption in type-2 AGN is explained by a
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Abbildung 1.6: Top: typical spectrum of a type 1 AGN showing strong blue emission and
a combination of broad and narrow emission lines. Bottom: typical type 2 AGN showing
more reddening and only narrow optical lines. Prominent features including H3, Ha and

O[I1I] are indicated. Image credit: Morgan, Siobahn. Distant and Weird Galaxies, course
notes.
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viewing angle which passes through the torus (Antonucci & Miller 1985; Urry & Padovani
1995). The torus also explains the shape of the infrared emission observed from most AGN,
as the torus will re-emit optical and UV emission from the accretion disc which has been
absorbed and re-emitted by dust grains, producing an infrared continuum (e.g. see Netzer
2015, for a review).

The torus is shown in green in Fig. 1.3 (not to scale), and may have a considerably
larger vertical extend and/or more complex structure than shown in the cartoon. The ob-
served infrared radiation cannot be explained through absorption in a smooth, homogenous
medium, suggesting that the torus may be clumpy (see e.g. Nenkova et al. 2002; Mason
et al. 2009). Some X-ray studies of AGN recover this result (Buchner et al. 2019). A review
by Netzer (2015) proposes that not only is the torus likely to be clumpy, but also has hot
and cold dust components. The impact of the torus on the observed X-ray spectrum is
discussed in Chapter 1.3.3, and in more detail in Chapter 5.

1.3 X-ray spectroscopy of AGN

1.3.1 Continuum X-ray emission

In this thesis, [ will be preparing and analysing large samples of hard X-ray selected AGN to
perform X-ray spectral analysis. An example X-ray spectral shape showing some of the most
commonly observed features is shown in Fig. 1.7, where the total model is shown as a solid
black line, and main contributing components are shown as different colours and linestyles.
The primary emission component is the corona, described in detail in Chapter 1.2.2 (Haardt
& Maraschi 1991, 1993; Merloni et al. 2000; Fabian et al. 2004). The hot corona typically
dominates the shape of the X-ray spectrum above 1 — 2keV, and in some cases dominates
the entire observable X-ray spectrum (see e.g. Waddell & Gallo 2020; Waddell et al. 2024).
A key measurable parameter of the corona using eROSITA is the photon index, with typical
values of around I' ~ 1.8 — 2.0 (Nandra & Pounds 1994a), possibly depending on other
parameters such as accretion rate and/or spectral type (Lanzuisi et al. 2013; Liu et al.
2022b; Waddell et al. 2019, 2024; Nandra et al. 2024). The X-ray corona is shown as a
dashed blue line in Fig. 1.7, and will be discussed in detail in Chapters 2-6.

1.3.2 Milky Way and host galaxy absorption

Gas within the Milky Way has column densities of order ~few x10?°cm=2, absorbing
soft X-ray photons below ~ 0.5keV. These values can extend > 10?2 cm™2 nearer to the
Galactic disc (Willingale et al. 2013), absorbing X-rays below 1keV. Additional absorption
can also be present in the host galaxy, e.g. in the gas and dust reservoirs and/or spiral
arms. This has been studied in detail by Laha et al. (2020), who show that while most
sources have column densities of 10?° — 10?' cm™2, other galaxies may extend to higher
values of 10*2 — 102 cm ™2, further absorbing the X-rays in the 0.2 — 5keV range. The
absorption from a column density of ~ 5 x 10%° cm~2 can be seen in the soft energy X-rays



14 1. Active Galactic Nuclei and X-ray Astronomy

Abbildung 1.7: Typical X-ray spectral model for a mildly obscured AGN. The total model
including all shown spectral components is indicated with a black solid line. The hot coronal
power law is shown as a dashed blue line. The soft excess of unknown physical origin is
shown as a red dotted line, contributing to the spectrum below ~ 1keV. The Compton
hump and iron absorption edge resulting from scattering of X-ray photons in a neutral
medium (e.g. the torus) is shown as a green dash-dot line. The fluorescent Fe Ko emission
line is shown as a grey solid line. Mild absorption in the Milky Way and host galaxy create
a strong downturn in soft X-rays, below ~ 0.4keV.
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of Fig. 1.7, where a downturn in soft X-rays, below ~ 0.4keV, can be observed. Absorption
and measuring column densities is a central theme of this thesis and will be explored in
Chapters 2-6.

1.3.3 Obscuration and reflection in the torus

Another primary source of absorption in AGN spectra is the torus (Awaki et al. 1991;
Turner et al. 1997; Risaliti et al. 1999; Brightman & Nandra 2011; Balokovié¢ et al. 2019;
Buchner et al. 2019), also discussed in Sect 1.2. The torus can exhibit a range of absorbing
column densities; at lower column densities, we detect Compton-thin absorption on the
order of 10?2 — 10**cm ™2, up to Compton thick absorption (Comastri 2004). At column
densities of ~ 1.5x10%* cm ™2, the AGN is considered to be Compton thick, and all primary
emission below 10keV is absorbed, leaving only the reflected spectrum (Comastri 2004).
As X-ray photons from the corona are incident upon the torus, absorption and scatte-
ring interactions produce strong absorption features in the soft X-ray energies. Compton
downscattering, reflection and absorption effecs are manifested in the Compton hump,
peaking at ~ 20 — 30keV, for neutral Fe Ko emission line at 6.4keV as well as an Fe Ko
absorption edge at ~ TkeV (e.g. see Magdziarz & Zdziarski 1995; Murphy & Yaqoob 2009;
Buchner et al. 2019, and references therein). These features can be seen in Fig. 1.7, with
the Compton hump and absorption edge shown as a green dash-dot line, and the Fe Ko
emission line shown as a grey solid line. A more detailed description of these features is
given in Chapter 5, where torus models are applied to X-ray spectra of a sample of AGN.

1.3.4 Neutral, ionised and partial covering absorption

An often invoked physical mechanism to explain additional features in X-ray spectra is ab-
sorption, which can take on various flavours; warm absorbers (often interpreted outflowing
disc winds George et al. 1998; Kaastra et al. 2000), neutral partial covering absorbers, or
ionised partial covering absorbers (Tanaka et al. 2004). All suggest additional cloudy or
collimated absorption zones likely to be found near to the black hole. Signatures of these
components features would absorb photons around the 1keV range, easily visible with soft
X-ray detectors.

In a warm absorber or disc wind, X-ray emission passes through an ionised medium,
producing absorption features concentrated in the soft X-ray spectrum (George et al. 1998;
Kaastra et al. 2000; Kaspi et al. 2000a). Warm absorbers have been physically linked to
outflowing, ionised disc winds (Kallman & Dorodnitsyn 2019). These warm absorbers are
typically found to have moderate column densities on the order of 10*°~23cm~2, and io-
nisations ranging from 10s to 1000s (Blustin et al. 2004, 2005; McKernan et al. 2007),
but can extend to extremely hot, extremely fast, relativistic outflows known as Ultra Fast
Outflows (UFO’s Tombesi et al. 2010). The warm absorber model has been used to suc-
cessfully model numerous X-ray spectra of AGN (e.g. Laha et al. 2014; Mizumoto et al.
2019; Waddell et al. 2024).



16 1. Active Galactic Nuclei and X-ray Astronomy

In a partial covering absorption scenario, X-ray emission from the corona is blocked by
obscuring material along the line of sight (Tanaka et al. 2004). This material is patchy in
nature, absorbing only some emission and allowing some to pass through. This produces
deep absorption features in the spectrum. The partial covering absorber may be neutral or
ionised, and the ionisation can be traced by modelling the observed absorption edges. The
observed variability in X-ray spectra can be reproduced through a combination of varying
column densities, ionisations and covering factors (Tanaka et al. 2004; Miyakawa et al.
2012; Gallo et al. 2015; Waddell et al. 2024), and can be used to explain eclipse events
Gallo et al. (2021). The model is highly flexible and multiple absorbing zones with a variety
of properties can reproduce observed X-ray spectra.

These absorption models are discussed in more detail in Chapter 3, and are tested on
data obtained by eROSITA.

1.3.5 The soft excess

Finally, the soft excess is shown as a red dotted line in Fig. 1.7. The soft excess is an
apparent surplus of X-ray photons above the coronal power law in the soft X-rays, below
~ 1 —2keV (Pravdo et al. 1981; Singh et al. 1985; Arnaud et al. 1985), which is typically
only visible in low obscuration sources. The physical mechanism responsible for the origin
of the soft excess is a matter of dispute, and multiple models have been proposed to
explain the appearance of this component. An early proposal was that the soft excess may
be produced in the innermost accretion flow, where the highest temperatures are found;
however, fitting a thermal blackbody to the observed spectral shape produces temperatures
of ~ 0.1keV for all sources (e.g. Gierlinski & Done 2004), which is too high for the disc
temperatures observed from a typical Shakura-Sunyaev disc (Shakura & Sunyaev 1973).

Instead, multiple non-thermal models have been proposed to explain the origin of this
component. First, the soft excess may originate including a secondary Comptonisation
region known as the warm corona, which is more optically thick and cooler than the
primary, hot corona (e.g. Done et al. 2012; Petrucci et al. 2018, 2020). This produces
a smooth, featureless soft excess which begins to dominate over the primary power law
around 0.5 — 2keV. Typical temperatures of 0.5 — 2keV are recovered, as well as optical
depths on the order of 10—20 (Petrucci et al. 2018, 2020). This model has been successfully
used in order to model the smooth soft excess observed in many type-1 AGN (e.g. Ehler
et al. 2018; Tripathi et al. 2019; Waddell et al. 2024).

An alternative proposal is that the soft excess is produced by blurred relativistic re-
flection from photons reflecting off of the inner accretion disc (Ross et al. 1999; Ross &
Fabian 2005). In this process, photons from the corona are incident upon the ionised in-
ner layers of the accretion disc. The resulting reflection spectrum consists of a multitude
of fluorescent emission lines and absorption edges concentrated in soft X-rays, but also
produces a fluorescent Fe Ka emission line and Compton hump. These features are then
relativistically blurred due to the proximity to the SMBH (Ross et al. 1999; Ross & Fabian
2005). Blurred reflection is an important physical mechanism in AGN, and this model also
allows for study of the coronal height and geometry, reverberation mapping, and black hole
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spin measurements (see Sect. 1.2). This model has also been used to model the soft excess
shape in numerous type-1 AGN (Fabian et al. 2004; Gallo et al. 2019; Waddell et al. 2019).

The soft excess is the central theme of Chapter 3, and more detailed description and
testing of different soft excess models is therefore given in Chapter 3.

1.4 X-ray observatories

1.4.1 Evolution of extrasolar X-ray astronomy

Extrasolar X-ray astronomy began with the launch of the first X-ray detector onboard a
sounding rocket in 1962, detecting a bright X-ray source which was not coincident with the
sun or moon. This was later identified to lie in the Scorpio constellation, and the source was
named Scorpius X-1 (Gursky et al. 1966). The rocket was followed up further missions,
discovering a plethora of additional X-ray sources and following up on the apparently
diffuse X-ray emission across the entire sky discovered by Giacconi et al. (1962), which is
now known as the X-ray background comprised mainly of distant and/or obscured AGN
(e.g. see Comastri 2004, for a review).

A major advance in AGN science occurred with the launch of the HEAO-1 mission
(Rothschild et al. 1979), which surveyed the entire X-ray sky over a broad energy range,
with a limiting flux of ~ 3 x 10! ergs s™! cm~2. From there, a sample of hard X-ray AGN
was created, and presented in Piccinotti et al. (1982). Numerous other X-ray missions have
launched throughout the last 50+ years, including EXOSAT (Taylor et al. 1981), GINGA
(Tsunemi et al. 1989), ASCA (Tanaka et al. 1994), BeppoSAX (Boella et al. 1997), Chandra
(Weisskopf et al. 2000), XMM-Newton (Jansen et al. 2001), Swift-BAT Barthelmy et al.
(2005), and NuSTAR (Harrison et al. 2013) among others. Some missions have been used
to perform specific follow-ups on the Piccinotti et al. (1982) reference sample (e.g. Turner
& Pounds 1989; Nandra & Pounds 1994b; Schartel et al. 1997; Waddell et al. 2024, among
others).

Prior to the launch of eROSITA the ROSAT (Truemper 1982) telescope surveyed the
X-ray sky in soft X-rays, covering ~ 0.1 — 2.4 keV. This mission clearly demonstrated the
power of surveys conducted by a sensitive X-ray telescope with good spatial resolution,
enabling the study of clusters of galaxies, coronally active stars, X-ray binaries, and AGN
(e.g. Ciliegi & Maccacaro 1996; Motch 2001; Bohringer et al. 2017; Xu et al. 2022, among
others). The survey also shed more light on statistical properties of AGN, as well as im-
proved our understanding of the soft excess, further revealing a population of sources with
extreme ultra-soft X-ray emission (Boller et al. 1996). However, with only a limited time
spent observing each source and limited coverage of higher energy X-rays, detailed spectral
modelling was not possible for most AGN.

In 1999 came the launch of NASA’s Chandra mission followed closely by ESA’s XMM-
Newton telescope. Both telescopes are active to this date, and continue to provide new data
on AGN and other X-ray sources. Both missions are able to perform studies of individual
objects and surveys (Fiore et al. 2003; Hasinger et al. 2007a; Nandra et al. 2015; Civano
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et al. 2016; Pierre et al. 2016; Luo et al. 2017), but with excellent spatial resolution and
energy resolution (in particular with Chandra) and very high effective are (especially XMM-
Newton). Through these in depth studies AGN, the variability across both short and long
timescales can more readily be probed (e.g. see Middei et al. 2017; Zheng et al. 2017). High
quality spectra have also encouraged the development of more complex and physically
motivated spectral models, as emission and absorption features beyond the simple coronal
power law are often found (e.g. Waddell et al. 2019; Waddell & Gallo 2020, and references
therein).

1.4.2 eROSITA on SRG

To fill the gap left by a lack of sensitive, all sky-surveys in soft to hard energy X-rays,
the eROSITA (extended Roentgen Survey with an Imaging Telescope Array; Predehl et al.
2021b) instrument was designed. eROSITA is one of two instruments onboard the Spectrum
Roentgen Gamma (SRG; Sunyaev et al. 2021) mission. ART-XC is the hard X-ray detector,
sensitive in the ~ 5 — 30keV range (Pavlinsky et al. 2021). eROSITA is a complementary
soft X-ray detector, sensitive in the 0.2 — 8keV energy range. The instrument is comprised
of 7 identical mirror assemblies, each with their own camera (Telescope Module; TM).
These mirror assemblies can be seen in Fig. 1.8, showing the layout of each TM onboard
eROSITA (see Predehl et al. 2021a). Wolter type mirrors using a parabolic/hyperbolic
design are used to focus X-rays. This is because X-rays have extremely high energies, and
require low incidence angles in order to be reflected and focussed onto the detector. Each
TM contains 54 mirror shells with a gold coating, which produces a deep absorption edge
at ~ 2.3keV. This energy thus defines the separation between the soft (low energy X-ray)
and hard (high energy X-ray) eROSITA bands.

A key feature of eROSITA is the high energy resolution provided by each TM. Each of
the 7 telescope modules focus X-rays to a distinct pnCCD (Predehl et al. 2021a), based on
technology developed for XMM-Newton but with updates to improve energy resolution and
permit spectral coverage down to 0.1 keV. Thanks to the pnCCDs, eROSITA has excellent
energy resolution!, reaching 56 — 65 eV resolution at 0.525 keV and 75 — 82 eV resolution at
1.49keV (Predehl et al. 2021a). Such low every resolutions are ideal for performing spectral
analysis, because the energies and widths of spectral emission and absorption feature can
more easily be determined (e.g. see Chapters 3, 4, 5).

The eROSITA instrument combines large field of view on the sky with very high soft
X-ray sensitivity. An excellent measure of this is called the grasp, which multiplies the
field of view (FOV) by the field of view-averaged effective area, and is a measure of sur-
vey capability. Comparing eROSITA to other past and current instruments operating in
comparable energy ranges, eROSITA has a much larger grasp across almost the full energy
range of the instrument, and particularly in the ~ 0.3 — 5keV band (see Fig. 1.9. This
highlights eROSITA’s ability to yield new insights on X-ray emission from astrophysical
sources and to perform large area surveys and population census.

Thttps://www.mpe.mpg.de/455799 /instrument
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Abbildung 1.8: Photograph of the eROSITA assembly process pre-flight, showing the 7
telescope modules, each having 54 assembled gold-coated mirrors. Image credit: MPE

eROSITA was intended to perform an 8-pass, all-sky survey over the course of 4 years,
completing one survey every 6 months. However, on February 26th, 2022, eROSITA was
placed into safe mode?. Until this point, approximately 4 and a half all-sky surveys over
the course of 2 years and three months had been performed. Nevertheless, eROSITA has
detected X-ray emission from more than one million of AGN across a range of redshifts,
enabling population studies of AGN as a function of luminosity and distance (Merloni
et al. 2024). The survey strategy involved completing arcs of the sky covering a great circle
once every four hours, and precessing slowly over the course of 6 months to cover the full
sky. This strategy meant lower exposure at the equatorial plane of the survey, but very
high coverage at the apexes, known as the North Ecliptic pole (NEP), and South Ecliptic
Pole (SEP). Data rights are divided between German collaboration (Western Galactic sky)
and Russian collaboration (Eastern Galactic sky), with each collaboration processing and
analysing data on their respective regions.

The primary science objective of eROSITA is to detect X-ray emission from ~ 100, 000
clusters of galaxies, allowing for cluster cosmology to be performed (Bulbul et al. 2024;
Ghirardini et al. 2024). However, a secondary product will be the detection of > 1,000, 000
AGN;, suitable for population analysis and other large statistical studies (Merloni et al.
2012a). AGN will be by far the most prevalent source in the all-sky surveys, likely ~ 80%
(Merloni et al. 2012a) of all detected sources. For sources with sufficient photon counts
(>20; see Liu et al. 2022b), X-ray spectral analysis can give hints as to the presence of soft

Zhttps:/ /www.mpe.mpg.de /7856215 /news20220303
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Abbildung 1.9: Grasp; product of the FOV averaged effective area and the field of view,
shown comparing different past and contemporary X-ray observatories; eROSITA (all TM
combined) is shown as a red solid line, Chandra ACIS-I is shown at launch in a dark green
dotted line and in 2020 as a light green dotted line, Chandra HRC-I is shown in a violet
thin dashed line, XMM-Newton (all instruments) is shown as a blue dot-dash line, and
ROSAT PSPC is shown as a brown-orange thick dashed line. Image is taken from Figure
10 of Predehl et al. (2021a).
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Abbildung 1.10: The map of the first eROSITA all-sky survey, eRAS1, in X-ray energies
between 0.3 — 2.3keV. The image has been smoothed using a 10 arcminute Gaussian.
Different colours represent different X-ray energies, where 0.3 — 0.6 keV is shown in red,
green for 0.6 — 1keV is shown in green, and 1.0 — 2.3keV is shown in blue. Image credit:

Jeremy Sanders, Hermann Brunner and the eSASS team (MPE); Eugene Churazov, Marat
Gilfanov (on behalf of IKI).

X-ray absorption and the shape of the coronal power law, or other features (see Sect. 1.3
and Chapter 3).

The image of the first eROSITA all-sky survey is shown in Fig. 1.10, taken from the
eRASS1 presskit®. Different colours represent different X-ray energies, where 0.3 — 0.6 keV
is shown in red, green for 0.6 — 1 keV is shown in green, and 1.0 — 2.3 keV is shown in blue.
There are many large scale structures visible, mostly associated with clusters of galaxies
or the eROSITA bubbles (e.g. Predehl et al. 2020; Liu et al. 2024). Absorption is clearly
visible along the central plane of the image, corresponding to the Galactic plane, where
increased absorbing column densities block the softest energy photons. The vast majority
of the point sources in the image are AGN, with a smaller fraction being coronally active
stars or X-ray binaries.

1.4.3 NuSTAR

In 2016, NuSTAR (Harrison et al. 2010; Harrison et al. 2013, 2016) was launched, the first
imaging telescope in the 3 — 79keV range. It features two Focal Plane Modules (FPM),
labelled A and B. The two focal plane modules have slightly differing energy calibrations,

3https:/ /www.mpe.mpg.de /7461950 /erass1-presskit
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Abbildung 1.11: Effective area comparison between NuSTAR (black), XMM-Newton (red)
and Chandra (green). Image taken from (Harrison et al. 2010).

but can be modelled simultaneously using a cross-calibration constant. It uses a modified
Wolter 1 mirror design, where a conical approximation is used instead of the paraboloid-
hyperboloid used by eROSITAThe mirrors are coated in Pt/SiC and W/Si layers, which
are in part responsible for enabling the energy range to be extended to 79keV, where
a Pt edge produces a sharp drop off in the effective area. A comparison of the effective
are of NuSTAR compared to XMM-Newton and Chandra is shown in Fig. 1.11, clearly
demonstrating that NuSTAR is much more sensitive to hard X-ray photons even above
6 keV as compared to XMM, with an energy range extending up until the steep drop off at
79keV and showing the effective area peaking at ~ 10keV.

This mission significantly expanded on the science that could be performed with higher
energy X-rays, and is often used in conjunction with Swift-XRT, Chandra and XMM-
Newton (e.g. see Kang & Wang 2023, for a review of joint spectral modelling between
NuSTAR and XMM-Newton). In particular, NuSTAR is able to simultaneously measure
emission from the power law, the Fe Ka emission and absorption profile, and the Compton
hump peaking around ~ 20 — 30keV, and is therefore extremely well suited to studies of
the AGN torus (Panagiotou & Walter 2019; Panagiotou et al. 2021; Zhao et al. 2021).
This will be exploited in Chapter 5, where I will use NuSTAR data to study the geometry
and orientation of the torus in a number of eROSITA selected sources. A more detailed
description of NuSTAR data processing and analysis is also presented in Chapter 5.
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1.5 Hard X-ray selected AGN with eROSITA

Various selection criteria for AGN samples can reveal different interesting properties of
these systems. One such selection is in hard X-rays, the precise energies of which depend
on the goals of the mission and structure of the telescope (e.g. see Nandra et al. 2024;
Waddell et al. 2024). For eROSITA in particular, this is considered to be the 2.3 — 5keV
band. This is due to the gold coating of the mirrors, which produces a steep drop-off
in the effective area at 2.3keV, but also due to the rapid drop-off of effective area and
higher background above 5keV. As a result, eROSITA all sky-surveys should produce a
flux-limited sample of hard X-ray emitting AGN.

There are several key advantages to the use of hard X-ray selected surveys to study
AGN. First, they are less sensitive to obscuration effects, which can entirely suppress emis-
sion below ~ 10keV, but allow transmission of higher energy photons. This is problematic,
since obscured AGN are known to be very common in the local Universe (Lanzuisi et al.
2013) and across cosmic time. Consequently, a large fraction of the accretion power in the
local Universe and beyond is known to lie in obscured AGN (e.g. Hasinger et al. 2007b;
Ueda et al. 2014; Aird et al. 2015). The bias against obscured sources is therefore of key
importance to overcome to understand global AGN demographics.

For X-ray spectral modelling, hard X-ray selected samples provide major benefits. Cru-
cially, as explored above, the hot X-ray corona dominates the X-ray spectrum of most
sources at energies above ~ 1 — 2keV. This means that data above 2keV are necessary
to be able to properly constrain the luminosity and the photon index of the hot corona.
By doing so, one can then attempt to model additional spectral components, including
soft X-ray absorption, Fe Ka emission and absorption features, the Compton hump, and
the soft excess (see e.g. Waddell et al. 2019; Waddell & Gallo 2020, 2022, and Chapters
2-6 of this thesis). By using the hard X-ray selected sample, we can therefore study all
of these components, an impossible feat with e.g. ROSAT or eROSITA data below 2keV.
This point will be exploited throughout the following chapters.

1.6 Outline of the thesis

The launch of the eROSITA telescope onboard SRG promises to transform our ability to
study AGN in X-rays. Aside from enabling large statistical studies, eROSITA will perform
the first all-sky imaging survey above 2 keV, providing the first all-sky census of AGN with
hard X-ray emission above the eRASS:8 flux limit. Hard X-ray samples of AGN are less
biased to obscuration than samples selected only from soft X-ray emission, and enable
constraints to be placed on the spectral index of the hot X-ray corona. This then permits
the subsequent modelling of additional X-ray spectral components, including absorption,
the X-ray soft excess, or outflows. To-date, eROSITA has completed four and a half of the
planned all-sky surveys, with the first all-sky survey providing nearly one million detected
sources (see Fig. 1.10).

In Chapter 2, I present the hard (2.3 —5keV) X-ray selected sample of sources detected
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in the eROSITA Final Equatorial Depth Survey, eFEDS, a performance verification survey
designed to mimic the final equatorial depth of the 8-pass, all sky survey. The counterparts
of X-ray sources are found and classified, and an AGN sample is constructed. I examine the
basic properties of the resulting bright local AGN sample, and compare to the properties
of other samples.

In Chapter 3, I perform an in-depth X-ray spectral analysis of the 200 hard X-ray selec-
ted AGN identified and classified in Chapter 2. I test different X-ray models to study the
nature of the soft excess, considering a thermal or non-thermal origin, as well as absorption
models. I then perform model comparison to identify the most likely physical mechanism
responsible for the observed emission, and compare the properties of different models.

In Chapter 4, I apply what was learned in Chapter 2 to the hard (2.3 — 5keV) X-ray
selected sample from he first eROSITA all-sky survey, eRASS1. I begin by cleaning the
X-ray sample, then I perform counterpart identification and classification using a variety
of techniques and multiwavelength catalogs. I then identify a sample of 1328 AGN with
spectroscopic redshifts, thus defining a half-sky sample of bright, nearby AGN. A total of
29 of these sources were found to be only detected above 2.3keV, and were thus dubbed
hard-only.

In Chapter 5, I combine the sample of 29 hard-only AGN with other AGN showing
a majority of the emission above 2.3keV, and search for those which have corresponding
NuSTAR data sets. Using a sample of 16 sources, I then investigate the properties of the
observed absorption. I examine the structure and geometry of the torus, and for some
sources identify that absorption may originate in the host galactic disc.

Throughout this thesis, I adopt a flat in the ACDM cosmology with 2, = 0.7, €,,, = 0.3,
and Hy = 70 km s~ Mpc.



Kapitel 2

eFEDS: The hard X-ray selected
sample

After the launch of the eROSITA telescope onboard SRG on July 13th, 2019, and prior to
beginning the planned all-sky survey, eROSITA underwent a calibration and performance
phase. During this time, eROSITA surveyed a 140 deg? area of the equatorial sky. The
resulting eROSITA Final Equatorial Depth Survey (eFEDS) field provided a first look at
the expected performance of eROSITA after the completion of the 8-pass survey. One key
output of the all-sky survey is the eROSITA hard X-ray selected sample, providing the
first all-sky hard (2keV) focussing imaging survey. Based on the energy range selected
and learning from other hard X-ray surveys, we may expect that a large percentage of
these sources are AGN; through characterisation of hard X-ray selected sources in eFEDS,
knowledge can then be applied to the all-sky survey. A sample of 246 point-like, hard X-ray
selected sources is constructed from our 2.3 — 5keV selection (Brunner et al. 2022). Coun-
terparts are then identified for these sources, and they are classified based on spectroscopic
redshifts and multiwavelength properties as extragalactic (90%; predominantly AGN) or
Galactic (10%; active stars). The AGN are then studied in more detail by combining X-ray
properties with optical/UV spectroscopy, and insights are identified to aid with the first
all-sky survey. These AGN then form the base sample for analysis in Chapter 3. The lessons
learned from this analysis will be applied in Chapter 4, where I present a similar analysis
to the first all-sky survey (eRASS:1) hard X-ray selected sample.

This Chapter is derived from Nandra, Waddell, Liu et al. (2024), in the co-authors crea-
ted, classified, and studied the 246 sources in the eFEDS hard X-ray selected sample. Sam-
ple creation, classification, and optical spectral modelling were performed by co-authors. I
assisted with extensive catalog validation and analysis, and was responsible for all figures
in this Chapter and comparison to other samples. Optical spectral fitting including line
measurements and black hole mass estimates was performed by Q. Wu and Y. Shen. The
text has been abridged and re-written in order to focus on key aspects of relevance for
later chapters. Sections on X-ray spectral modelling have been removed, as this will be
done more extensively in Chapter 3.
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2.1 The eROSITA Final Equatorial Depth Survey

The details of the eFEDS X-ray survey were presented and released by Brunner et al.
(2022), who described the source detection and subsequent catalog creation in detail. The
processing and reduction of the X-ray data were conducted using the eROSITA Science
Analysis Software system (eSASS) with the early data release version (EDR). The source
detection process is performed using a sliding box detection algorithm, followed by PSF-
fitting to determine source counts and significance, using a likelihood ratio approach. This
method allows for source detection across multiple energy bands simultaneously, which
in turn allows for better positional accuracy and for characterization of the detection
significance across different X-ray energy bands. The main eFEDS sample is constructed
using a soft X-ray selection in the 0.2 — 2.3keV band, where the instrument sensitivity
is highest. This resulting catalog includes 27,910 sources with a 0.2 — 2.3keV detection
likelihood (DET_LIKE) greater than 6, where DET_LIKE parameterises the chance probability
of the source being a background fluctuation. Brunner et al. (2022) also preesented a
supplementary catalog of sources less robustly detected in this band, having DET_LIKE >
D.

The algorithm also assesses whether sources are extended, assigning an EXT_LIKE li-
kelihood. Sources with EXT_LIKE> 6 are considered extended and are candidate galaxy
clusters, as detailed by Liu et al. (2022a). Sources with EXT_LIKE < 6 are considered
point-like X-ray sources and are treated as such in the Brunner et al. (2022) catalog. These
point-like X-ray sources comprise the bulk of the X-ray catalog, and are of key interest for
the study and identification of AGN; but also include stars, distant galaxy clusters, and
X-ray binaries.

In addition to the main, soft X-ray catalog, Brunner et al. (2022) also published a
hard X-ray selected catalog, in the 2.3 — 5keV band. In order to construct this sample,
separate source detection runs are performed on three energy bands; 0.2—0.6keV (band 1),
0.6 —2.3keV (band 2) and 2.3—5keV (band 3), resulting in source detection likelihoods for
each band as well as a combined likelihood for all bands (0.2—5keV; band 0). To create this
sample, we first apply a cut-off of DET_LIKE_0> 5, to minimize spurious sources identified
as a result of background fluctuations. We then apply a hard band cut of DET_LIKE 3> 10,
to select only sources which have robust detections above 2.3keV. The estimated spurious
fraction as a result of these cuts is low, at ~ 2.5% (Liu et al. 2022¢). The resulting catalog
contains 254 sources, eight of which are extended sources with EXT_LIKE>= 6 which are
candidate galaxy clusters (Liu et al. 2022a). Since we are aiming to construct a sample of
AGN, we remove these cluster candidates.

The resulting hard X-ray point-like sample contains 246 sources. This is a factor of
more than 100 fewer sources than in the main, soft X-ray selected sample, although with
similar expected purity. One primary reason for this is that the effective area of eROSITA
drops significantly above 2.3 keV, due to M absorption edges produced through interactions
with the gold coating on the eROSITA mirrors (ee Chapter 1, c.f. Figure 9 of Predehl
et al. 2021a). The eROSITA background has also been found to be higher than pre-launch
estimates, in part believed to be due to the solar cycle (see Brunner et al. 2022, for a
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detailed explanation). Another interesting property of the hard sample is that it contains
20 sources which are only present in the hard catalog, as we do not find any matched
source in the soft catalog. These sources are dubbed hard-only, and are candidate heavily
obscured AGN.

Various other surveys (e.g. see Chapter 1) have covered this energy range across various
sky areas and depths. One early survey of importance for future works was HEAO-A1/A2
(Rothschild et al. 1979), which surveyed the entire sky and produced a uniform, high-flux
sample of the brightest sources in the hard X-ray sky. A key finding from this sample was
that a majority of sources were found to be AGN, and we expect the same from our eFEDS
sample. This sample of AGN was first presented by Piccinotti et al. (1982), and has been
followed-up by numerous other X-ray missions and surveys; these sources will also be of
interest in eRASS1 (see Chapter 4).

2.2 Optical identifications, classifications and redshifts

2.2.1 Counterpart identification

Having now assembled a sample of hard sources, it is of interest to identify the multiwa-
velength counterparts of these sources, with the ultimate goal of constructing a sample
of AGN for further analysis. To this end, optical counterparts for the hard X-ray sample
have been identified following the method of Salvato et al. (2022), which was applied to
the eFEDS main sample. A total of three different matching algorithms were applied to
the hard sample: the Bayesian NWAY code (Salvato et al. 2018), a maximum likelihood
approach (e.g., Sutherland & Saunders 1992; Brusa et al. 2007) and HamStar, a dedicated
matching algorithm designed to identify X-ray emitting stars (Schneider et al. 2022). The
key data set to which the X-ray source positions are matched is the DESI Legacy Survey
public Data Release 8 (LS8), which includes forced photometry from unWISE (Lang 2014),
and Gaia EDR3. Gaia also provides parallaxes and proper motion information that is use-
ful in distinguishing between Galactic and extragalactic counterparts to the X-ray sources.
These matching algorithms and their applications to the data are described in detail in
Salvato et al. (2022). A quality or strength of the association is then assigned based on the
agreement between the various methods, where a counterpart quality of 4 is a very strong
association, 1 is a very weak association, and 0 implies that no counterpart was found. For
this purpose of this chapter, we consider secure counterparts to have quality of > 2.

The number of sources given each counterpart quality is shown in Table 2.1, for hard,
hard-only and main samples. Comparing the main and hard samples, we find generally that
there is higher quality in hard sample. This result is perhaps unsurprising, since the hard
sample is generally comprised of the X-ray brightest sources. However, we also see that
the counterpart quality is low for hard-only sources. This result will be discussed further
in Sect. 2.3.2.
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Tabelle 2.1: Optical counterpart quality, shown separately for all 246 sources in the hard
band, for the hard-only sample, and for the main sample. Secure counterparts are defined
as having quality > 2.

Sample Total CTP_quality Secure
0 1 2 3 4 %
Hard 246 4 11 3 0 228 92
Hard-only 20 4 7 1 0 8 40
Main 27,369 1225 1370 2552 1379 20837 81

2.2.2 Source classification

Having assigned multiwavelength counterparts to the eFEDS X-ray sources, one can then
move onto classify these sources. We focus our efforts only on sources which have secure
counterparts, as defined in the previous section. The source classifications are again perfor-
med in the same manner as Salvato et al. (2022), following the decision tree presented in
their Figure 8. The primary tool for classification is spectroscopic redshift (spec-z), where
sources with spec-z>0.002 are confirmed to be extragalactic (mostly AGN or galaxies),
whereas sources with spec-z<0.002 are confirmed Galactic (e.g. X-ray binaries or stars).
We therefore focus our effort on collecting spec-z, both with dedicated follow-up programs
with SDSS (from which a majority of our redshifts are obtained; see Gunn et al. (2006);
Smee et al. (2013); Blanton et al. (2017); Dwelly et al. (2017); Kollmeier et al. (2017);
Comparat et al. (2020)) and through searching public archival spectra. High confidence
redshifts come from a variety of sources (see Table 2.2). In total, we find 197/246 have
an available spec-z; these are tabulated in Table 2.2, along with the references as appro-
priate. A small minority, only 12 sources, are stars, while the rest are secure extragalactic
sources (AGN). Overall, we have much higher spectroscopic completeness (80%) than the
main catalog (24%), owing to our much smaller and brighter sample; this is a common
phenomenon in large surveys (see also e.g. Akiyama et al. 2003; Della Ceca et al. 2004;
Eckart et al. 2006; Cocchia 